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Abstract

TOUGH?2 is a numerical simulation program for nonisothermal flows of multicom-
ponent, multiphase fluids in porous and fractured media. The chief applications for
which TOUGH2 is designed are in geothermal reservoir engineering, nuclear waste
disposal, and unsaturated zone hydrology. A successor to the TOUGH program,
TOUGH?2 offers added capabilities and user features, including the flexibility to handle
different ﬂuid mixtures, facilities for processing of geometric data (computational grids),
and an internal version control system to ensure referenceability of code applications.

This report includes a detailed description of governing equations, program archi-

tecture, and user features. Enhancements in data inputs relative to TOUGH are

described, and a number of sample problems are given to illustrate code applications.
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L Introduction

- "I‘VOU,,GHZ,is ‘a numerical simulation program for. multi-dimensional coupled fluid
and. heat'flows of multiphase multicomponent: fluid. mixtures in porous ‘and fractured
media. It belongs to the MULKOM family of codes '-(Pruess, 1983b, 1988) and is a more
general version of the TOUGH simulator (Pruess, 1987) to which it is closely.related in
methodology,architecture, and input/output formats. TOUGH2 includes a  number: of
fluid property modules (also referred to as ‘‘equation-of-state’’ or ‘‘EOS’’ modules),
which make the code applicable to a. variety of subsurface.flow systems, including

groundwater aquifers, unsaturated zones, and geothermal reservoirs (see Table 1).. = -

Table 1. TOUGH2 Fluid Property Modules

Module " Capabilities

EOS1 water, water with tracer
EOS2  water, coz' o
EOS3 water, air T_, o . )
. EOS4 . - water, arr, with vapor pressure lowenng
. EOS5  water, hydrogen '

%foptional constant-’temperature capabihty

*similar to the EOS-module of TOUGH
Additional fluid property modules that ha\re heenx developed for MULKOM are being
adapted for future inclusion in the TOlfGHZ program package. Applications of the
simulator are facilitated by a number of user features. These include flexible dimension-
ing of major arrays, capabilities for internal processing of flow geometry data (mesh gen-
eration), and enhirced facilities for specifying “initial ~a‘ﬁd boundary conditions.
TOUGHZ mput formats are upward compatlble thh those of TOUGH Thus, TOUGH
mput ﬁles can be run w1th TOUGH2 50 that ex1st1ng TOUGH apphcatlons can be mam-

tamed Note, however, that some default parameter settmgs are different in TOUGHZ SO
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that minor adjustments in TOUGH input files may be advisable.

TOUGH?2 implements a flexible general-purpose architecture (see Fig. 1) for simu-
- lating fluid and heat flow in systems in which any number of componcrits or apebies can
be distributed among several coexisting phases. In this report we provide information on
architecture and user features of TOUGH2, and we describe the various fluid property
(EOS) modules included in the present TOUGH2 package. A key feature of the code
architecture is an array structure that allows for flexible interfacing between the module
that sets up and solves the ‘fluid flow equations and the EOS modules, which represent
fluid mixtures with different numbers of components and phases. A basic understanding
»of‘ this structure and some familiarity with the source code is necessary for successful

applications.

Data Input
and

Initialization
Solution of Assembling and Varables 1| Equation | :
Linear iterative Solution of ; ' of :
Equations Flow Equations Secondary | State
) Parameters '
| Printed ;
1| Output :

"EOS-Module”

XBL 908-2883

Figure 1. Modular architecture of MULKOM and TOUGH?2.,

The TOUGHZ program consxsts of a numbcr of functronal umts wrth ﬂexrble and

transparent mterfaces Much of what program umts do is spelled out m mternal
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comments and in printed output. It is hbped that this ‘“‘open’’ architecture will facilitate
applications, and will encourage TOUGH2 users to further develop and enhance the
code. At the same time TOUGH?2 provides mechanisms, by means of a tight and visible
‘‘version contrbl” system, for meeting stringent demands on reliability and referencea-
bility of code applications. Each program unit, when first called during a TOUGH2 simu-
lation run, writes a one-line message specifying its name, version number and date, and
purpose. All version messages are optionaliy printed to OUTPUT at the end of a simula-
tion run. (See the example in Fig. 14). Users who wish to modify the code can maintain a
referenceable record of code changes and applications by appropriately updating the ver-

sion messages.

The dcvélopmcnt of TOUGH2 was carried out on CDC-7600 and Cray X-MP com-
puters. The coding complies with the ANSI X3.9f1978 (FORTRAN 77) standard.* 64-
bit word length is required for successful execution. The present document provides
essential information needed for TOUGH2 applications. It is not intended as a ‘‘stand
alone’’ report, but should be used in conjunctiqn with the TOUGH User’s Guide (Pruess,
1987). The source code is being distributed together with several INPUT files for sample
problems (see section 7). Besides providing a check on proper code installation, the sam-

ple problems illustrate code capabilities and serve as a brief tutorial for applications.

*For linking with default input and output files *“INPUT" and *“OUTPUT,” the code has a ;'CALL LINK (...)"* statement
in the main (TOUGH?2) program. This is peculiar to the Cray computer at the National Energy Research Supercomputer
Center, Lawrence Livermore National Laboratory, and should be removed for installation at other computers.







2. Methodology and Architecure of MULKOM and TOUGH2

* - Numerical simulators for nonisothermal multiphase flows have been under develop-
ment at Lawrence Berkeley Laboratory for more than ten years.: This work was focussed
primarily on geothermal reservoir simulation. Additional incentives were provided by
flow problems arising in the context of:high-level nuclear waste isolation, oil and gas
recovery -and storage, and the protection of groundwater resources.” The desire to model
systems containing different fluid mixtures led to the development of a flexible general-
purpose simulator MULKOM.  TOUGH2 is essentially a subset of MULKOM, consisting
of a selection of the better tested and documented MULKOM program modules.

2.1 Scope and Methodology

- ...MULKOM:and TOUGH2 solve mass and energy balance- equations that describe
fluid and heat flow in general multiphase multicomponent systems (Appendix A). Fluid
flow is. described with: a multiphase :extension -of -Darcy’s law; -in addition there is
diffusive mass transport .in the gas phase. - Heat flow-occurs by conduction and convec-
tion, the latter including sensible as:well as latent heat effects. :The description of ther-
modynamic conditions is usually. based -on:the -assumption of:local equilibrium’ of all
phases  (liquid, gaseous, .and -solid). - (MULKOM -has ‘also been -used ; to :model non-
equilibrium conditions, such as chemical reactions proceeding with finite rates.) ~All fluid
and formation parameters can.be arbitrary non-iinear functions of ithe: primary thermo-
dynamic variables. |

For numerical simulation the continuous space and time variables must be discre-

tized. In all members of the MULKOM family of codes, spaced1scret1zat10nls made

T

3

diréctly’ from the'integral form of the basic conservation equations, without converting

them into partial differential equations (Appendix B). This ‘‘integral finite difference’’
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method (Edwards, 1972; Narasimhan and Witherspoon, 1976) avoids any reference to a
global system of coordinates, and thus offers the advantage of being applicable to regular
or irregular discretizations in one, two, or three dinie'ﬁs;ioh:‘s.‘ The method also makes it
i)pssiblc,by means of simple preprocessing of geometric data, to implement double- and
multiple-porosity methods for fractured media, as well as higher-order -differencing
méthods (Pruess and ‘Narasimhan, 1982, 1985; Pruess, 1983a; Pruess:and Bodvarsson,
,1983)( For a system of regular grid blocks referred to a global coordinate system the
_integral finite difference method is- completely equivalent  to  conventional . finite
differences. - Time is -discretized .fully implicitly as a first-order backward finite
di&'érence. ‘This together with 100% upstream weighting of flux terms at interfaces is
necessary to avoid impractical time step limitations in.flow problems involving phase
‘(dis-) appéar,anccs, and to achieve unconditional stability (Peaceman, 1977).
The discretization results in a set of strongly coupled non-linear algebraic equations
(Appendix B). These are solved completely simultaneously, using Newton-Raphson
iteration. Time steps can be automatically adjusted (increased or reduced) during a simu-
lation run, depending on the convergence of the iteration process. The linear equations
arising ét‘each iteration step are solved with the MA28 package from the Harwell pro-
gram library, which implements a sparse version of LU-decomposition and backsubstitu-
tion (Duff, 1977).* The accuracy of MULKOM has been tested by comparison with many
different analytical and numerical solutions, and with results from laboratory experiments
(Pruess-and Bodvarsson, 1984; Pruess and Narasimhan, 1985; Verma, 1986; Pruess,
1987; Pruess et al., 1987; Lam et al., 1988; Doughty and Pruess, 1990; Pruess, 1990b;
Doughty and Pruess, 1991). - e

2.2  Program Architecture

MULKOM has a modular architecture (Fig. 1), which was built on the recognition

*Other solvers may be used.
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.that the mass- and éncrgy-balancc -equations :governing multiphase flow have the same
mathematical structure, regardless of the number and: nature of fluid components and
. phases present in a _ﬂbw 'system, It is this modular architecture which gives MULKOM
-the flexibility to handle a wide variety ‘of multicomponent multiphase flow systems.. The
‘nature .and properties. of specific fluid mixtures enter into the governing equations only
through - thermophysical parameters, such ‘as - fluid density, - viscosity, enthalpy, etc.
-Different fluid mixtures can thcrefdre be simulated with the same flow module, the ther-
mophysical properties (or ‘‘PVT properties’’) of the specific fluid mixture of interest
being provided by an appropriate ‘‘EOS’’ (equation-of-state) module.

Although the basic concepts used in the design of MULKOM are simple and
straightforward, the code has never been easy to use because various research applica-
tions have led to a proliferation of specialized program modules and options. This situa-
tion led to the development and release of a specialized version of MULKOM for non-
isothermal flow of water and air, named TOUGH (*). TOUGH is an acronym for ‘‘tran-
sport of unsaturated groundwater and heat,” and is also an allusion to the tuff formations
at Yucca Mountain, Nevada, which are presently being evaluated by the U.S. Department

of Energy for their suitability as a host medium for a high-level nuclear waste repository.

The TOUGH User’s Guide (Pruess, 19‘87)’includes a technical description of the
code and its architecturc. It also provides complete documéntation for preparing input
files, and includes a set of sample problems which illustrate code applications. TOUGH
can perform *‘‘conventional’’ (water only) geothermal reservoir simulations simply by
setting air mass fraction equal to zero in the input ﬁlé. |

With  TOUGH2 we are releasing a considerably more general subset of
MULKOM:-modules. TOUGH2 can inﬁerface with different EOS modules and thereby

model different fluid mixtures that consist of a variable number of NK components distri-

(*) The TOUGH code and associated documentation is available from the National Energy
Software Center, c/o Argonne National Laboratory, 9700 S. Cass Ave., Argonne, Ill. 60439.
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buted -among NPH phases. ' It also contains facilities for mesh:generation -and internal
- processing of geometric data...Except for this added flexibility the code is subroutine-
for-subroutine actually very similar to TOUGH. ' The TOUGHZ input structure ‘is
upwardly compatible with that of 'TOUGH itself (see below); users should refer to the
“TOUGH User’s Guide for the applicable input formats. A cautionary remark is in order
here: even though TOUGH input decks will run with TOUGH2, they will not necessarily
produce the exact same results even with the water-air EOS because a number of default

 parameter settings are different. . . - Sy



3. TOUGH?2 Array Structure and Handling
3.1 . Primary Thermodynamic Variables
" MULKOM has been ‘used for modeling processes in which all (fiuid and solid)
‘phasés ‘are in loéal thermodynamic equilibrium, as well as for processes involving non-
‘equilibfium conditions with kinetic rate expressions. The version released as TOUGH2
“jmplements the assumption that locally all phases are in thermodynamic equilibrium. Let
“ds now consider the number of primary thermodynamic variables that are needed to comn-
pletely specify the thermodynamic state of a flow sysem consisting of NK components,
-whichare distributed according to local thermodynamic equilibrium among NPH phases.
*From Gibbs’ phase tule it ‘follows that the number of thermodynarmc degrees of

“fréedorh in such a system is’

f NK+2 NPH T
‘In addmon there are (NPH 1) saturauon degrees of freedom because the NPH phase

:saturatlons (or phase volume fractrons) SB are constramed by the relanonshrp

AR S i T :{;%:”Lf

- Z;St}==1 Lo T (2)
The total number of pnmary thermodynarmc vanables (degrees of freedom) is therefore
o | f+NPH 1

-NK+1 8 L (3)
whrch is equal to the total number of balance equatlons per gnd block namely, NK mass
balance and one energy balance equatlon il'he thermodynarmc state of a dtscreuzed ﬂow
system cons1snng of NEL volume elements, or gnd bloclcs, is then completely spec1ﬁed
by a set of NEL*NKl pnmary thermodynarmc variables, to which correspond an equal
nitimbér of mass and energy balance equatrons " For transient flow: systems these pnmary

variables are time-dependent, and’ they représent’ ‘the unknowns to be calculated in'each
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time step.

An important consideration in the modelmg of ﬁuld and heat ﬁow processes wrth
~ phase change is the choice of the primary vanables that deﬁne the thermodynarmc state
of the system. When a phase appears or disappears, the set of appropriate thermo-
.dynamic variables may change. In single-component flows involving water, for example,
_appropriate thermodynamic variables yforrv describing »single-}pha‘se_conditions ,(subcooled
hquid or superheated .steam) are temperature T and pressure P. However, in two-phase
conditions pressure and temperature are ,,not independent, but are related by the vapor-
pressure relauonship P =Py (T). (When vapor pressyre lowermg effects are considered,

the more complicated relatlonshlp Eq. A.9 applies.)

- There are two alternative ways for-dealing with this problem. One possibility is to
-use a set o_f ,‘,‘persistent” variables such as (pressure, enthalpy) or (density, ,internal
energy), which remain independent even as phase conditions change, so that they can be
used throughout the single- and two-phase regions. This approach has been successfully
1mplemented in a number of multiphase codes (Pntchett 1975; Faust and Mercer, 1975;
Pruess et al, 1979 Pruess and Schroeder 1980) A drawback of this approach is that
parametric relationships for thermophysxcal properties are usually formulated in terms of
the ‘‘natural’’ variables pressure and temperature, so that their computation as functions
of “‘persistent’ variables becomes either more difficult (requiring solution of irnp_licit
equations) or entails some sacriﬁce in accuracy. The other possibility is to use the vari-
ables (pressure, temperature) only for single-phase conditions, and to ‘‘switch’’ to vari-
ables (pressure, saturation) when a transition to two-phase conditlons occurs. Expenence
has proven this vanable-swrtchmg approach to be a very robust method for treating mul-
t1phase systems, and it has been 1mp1emented in the MULKOM TOUGH and TOUGH2

codes

The choice of pnmary variables and the sw1tch1ng procedures for phase transitions

are differen_t in different equation-of-state modules (see beloyv).
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3. 2 Thermophysxcal Property Arrays

In TOUGH2 all of the NEL*NKI pnmary vanables are stored sequentlally in a

one-dnnensmnal array X ﬁrst the NKl vanables for gnd block # l then the NKl van-

ables for gnd block # 2 and so on (see F1g 2) The startmg locatlon for prxmary van-
ables for gnd block N is NLOC + l where NLOC (N 1)*NK1

X
FLOW C'EOS T |
Module Module
PAR
VOLUME PRIMARY | voLuME SECONDARY PARAMETERS j ,
ELEMENT | VARIABLES | ELEMENT gas phase -, liquid phase
# X() " phase saturation S  PAR(D) PAR(NBK+1)
relative permeability k, PAR(2) = :
: X(NKl) viscosity i PAR(3)
#2 | | X(NK1+1) density P PAR@{) -
: : : specific enthalpy h PAR(S) = -
X(2*NK1) capillary pressure P, PAR(6)
mass fractions  © ; ¢
: component 1 xt PAR(NB+1)
N ngLoc+1) eompmemNK XX PAR(NB+NK) " PAR(2*NBK)
X(NLOC+NK1) temperature T PAR(NSEC-1)
X (void) PAR(NSEC)
a [second sct of secondary parameters: X(li incremented]
; PAR(NSEC+1)
#NEL : ‘ ‘ ST
X(NEL*NK1) PAR(2*NSEC)
©, . PAR((NEQ+1)*NSEC)
) o
#NEL

XBL 908-2884

Figure 2. Structure of thermophysical property arrays in MULKOM and TOUGH2.

. There are two additional arrays DX and DELX with structure identical to X. ‘While

X holdsthe primary variables corresponding to the last successful (converged) time step,
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DX holds the latest increments calculated during the'Newton-Raphson‘ vite,ration process.
Thus the latest updated pnmary variables are the quantmes X + DX The axray DELX
holds small mcrements of the X themselves (typlcally of order 10 7% X), whrch are used
to calculate 1ncremented parameters needed for the numencal calculatlon of the denva-
"t1ves in the Jacoblan matrix J =?8Rn/8x (see F1g 3 x denotes the collectron of all pn-
mary independent. thermodynamlc vanables) At the conclus1on of a converged time

step, the pnmary variables X are updated X - X +DX.

ke cupooees i T - Ay =R
elementn  balance x ow J o AX’ FR j
-#1 g ! ! 4 1 r . ; . §
” 1 NEQ+1
NEQ_ 2°NEQ
w T (VIPNEQH oREK| , _ ‘
: - ; ) Xipan =Xip| ™ K
i . P
aXi Rn
P 'p
#NEL : T
NEQ NEL*NEQ ) L
matrix
columni  1-—-NEQ | NEQ+1 —eeeeeeee -~ NEL*NEQ
_ primary :
‘variable’ 1-—NEQ | 1 NEQ
volume
cement  #1 ” #NEL

It was stated above. that-the number of mass- and energy-balance equations per grid

block is the same as the number NK1 of:primary thermodynamic variables. In many

Figure 3. Linear equation structure.

XBL 908-2885
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applications, however, the heat effects ' may be $o small that temperature changes would
‘be insignificant, and it would be sufficient ,,to,,coﬁsider; just the mass balance equations.
.The simplest way .of forcing temperature changes to zero would be:to assign the solid
matrix an overwhelmingly large heat capacity, so that finite rates of heat exchange will
gcgusglpeg}igiblq temperature change. This approach is perfectly acceptable and useable
'with TOUGH2, but it has the vdi‘sadv_ant‘age -that thc full number of balance equations
.must be solved, even though the en_crg'y,balance reduces to the trivial statement 0T/dt=0.
For certain EOS 't_nlodules,v TOUGH?2 -offers: a more elegant -way of running problems
without temperature changes, at a considerable savings of computing time. By conven-
tion we always take the first NK equations per grid block to represent mass balances,
while the energy balance equation comes last as # NK1. " TOUGH?2 uses a parameter
NEQ, distinct from NK, to number the balance equations per \grid block, and normally we
ﬁ(guld hachEQ =NK + 1. However, the user. ’can.ch'obse;to assign NEQ = NK in the
INPUT file; then no energy equations are set up or,solved and the number of coupled
equations 1srcduced by pncl_:_pcr‘ grid block, or a total of NEL. For the smaller set of NK
equations we only solve for NK primary variables; thus the option NEQ = NK can only
be used with those EOS modules that have temperature as primary variable # NK1 (see

., The . EOS .module calczula;ltes -all thermophysical :;p’roperties~("scconda1y parame-
ters’’) needed to assemble the mass- and -encrgy;baléhce equations for the latest updated
primary variables X+ DX.: These,parameteré are then stored sequentially in a large array
““PAR’’. (see Fig. 2).- Thc number of secondary parameters ‘other than component mass
fracﬂons is NB (usually NB = 6); in addition‘therc‘«arc NK massfréctions so that the total
number of secondzry parameters per fluid phase is NBK = NB + NK. The PAR amray
structure is shown ipilh:ig.:Zfor;hgz case of two.fluid phases; however, the coding permits
a}py:_ngmbe{ of phases,. as -specified by the parameter, NPH. . The NPH*NBK phase-

specific parameters are followedby temperature T and a void (unused) array member, so
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that the total number of secondary parameters is NSEC. = NPH*NBK +2.- . - :

Note that the thermophysical properties are ncedcd not only for calculating the resi-
duals’ of the mass- é.nd ‘energy-balance “equations - (B.6), but ‘also for calculating their
‘derivatives in the Jacobian matrix (Eqs. B.7 @nd B.8). “Thus, ‘we require secondary
parameters not only at the “‘state point”-’ @atest X + DX), but also for the NEQ additional
‘sets of primary variables in which one of the primary variables at a time is incremented
by DELX. Therefore, the total number of secondary parameters per grid block is (NEQ +
‘1)*NSEC. Secondary parameters for grid block #N start after location #NLOC2 = (N —
1)*(NEQ + 1)*NSEC of the PAR array. = = - '

3.3 Linear EquationSetup - : -~ . .= . - ST
* " The data provided by the PAR;érray are used in the flow module of TOUGH2 to
assemble the linear equations (B.8) that are solved at each step of 'the':N'éwt‘bn-RaphsOix
iteration procedure. 'I'hese_ equations are arranged and numbered sequentially, as shown
in Fig. 3, with the first NK- equations per grid block répresenting component mass bal-
ances, while the last equation (# NK1) represents the energy balance. The row indices of
the Jacobian matrix correspond to the component balance equaﬁons, while the column
indices correspond to the sequence of primary variables in array X. If the option NEQ =
NK is chosen, only NK mass balance equations will be set up per grid block. In this case
only the first NK primary variables per grid block will contribgte matrix columns, while
variable # NK1, which must be temperature, remains passive and is not ‘engaged or
altered in the linéar equation handling. However, all thermophy'si‘c':alv parameters will be
calculated at the temperature values specified in variable #NK1.

Note that the accumulation terms of the balance equations depend only on primary
variables for one grid block, so that they will generate non-zero derivative térms only in
an NEQ*NEQ submatrix that is located' on the diagonal of the 'Jécobian}J.";I"he flow

terms, being ‘dependent on primary variables of two grid blocks, will generate two non-
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_.zero NEQ*NEQ submatrices of derivatives, which are located in the-off-diagonal matrix
locations corresponding to the two grid blocks. .. - - |
~In TOUGH2 all Jacobian matrix elements as well as the entries in the véctor R of
residuals are calculated in subroutine *“MULTL"’ The calculation first assigns all matrix
- elements -arising from the accumulation terms, of which there are NEQ*NEQ. These are
:stored sequentially in a one-dimeénsional array CO; matrix elements for grid block N
begin after location (N—1)*NEQ*NEQ in CO. The corresponding row and column
indices are stored separately in arrays IRN and ICN, respectively. Calculation of the
derivatives demands that each. accumulation term is calculated NEQ + 1 times; once for
the -state point-(X» +-DX), and NEQ times for each 'of the ‘NEQ primary variables ’inere-
mented (X + DX + DELX) Addltlonal contnbutlons to dJagonal terms in the Jacobran J
may arise from sink and source terms 1f present these are ass1gned m subrouune QU
called from MULTI Subsequently all flux terms are evaluated These depend in general
- :on the 2*NEQ pnmary vanables of the two connected grld blocks, 50 that a total of
2*NEQ + 1 flux terms need to be evaluated for calculation of the state pomt as well as of
all derivative terms. ' i
After all matrix elernentsy and ftnembers of the right-hand side vector of residuals
have been assernbled,_ ;the'subroutine,,package MA28: (Duﬁ;;i977)fis called to:solve the
' linear e'q'naticnis (B8)'i‘he reahlﬁng mcrements mthe pnmary vanables are added to the
array DX, and the process of linear equation setup and solution is repeated for the pri-
mary variables X + DX. This process continues until the residuals are reduced below a
preset convergence tolerance. If convergence is not achieved within a specified max-
imum number of iterations (usually 8) the time step is repeated with reduced time incre-

ment.

3.4 Dimensioning of Major Arrays

The major problem-size dependent arrays reside in COMMON blocks, which are
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-dimensioned by means of a PARAMETER statement in the main (TOUGH2) program.
An informational statement on permissible problem size (number of grid blocks, etc.) is
pfovided in the printed output of a TOUGH2 run. thn, problem specifications exceed

-array dimensions the, execution stops With a diagnostic -printout. The user must then
increase PARAMETER assignments accofdingly,~ -recompile the main program -and

-relink. . A list of major arrays used in TOUGH2 and their dimensions is giveh in Table 2

. below.
- Table 2. Summary of Major Common Blocks ..
Reference ’fo - 7 Common Blocks o " Length
Elements ' ~E1-E6 - “+  'NEL (= number of elements)
Primary variables P1-P7 - NEL*NK1' |
Connections Cl-Cll ~  NCON (= number of connections)
(interfaces) COMPO,PORVEL  NCON*NPH ;
Linear equations L1 2NZ= NEL*NEQ**Z +2*NCON*NEQ**2
. . L2,L3 - . =(Q-4)*NZ -

L4 NEL*NEQ

L5 NEL*5*NEQ

L6 "~ NEL*8*NEQ

L7 . NZ

L8 NEL*S*NEQ
Secondary parameters SECPAR - NEL*(NEQ + 1) *NSEC

INK1=NK +1
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24 Equatxon-of-State Modules

| The thermophys1cal properties of ﬂuld mixtures needed in assembhng the governing
mass- and energy-balance equations are provided by ‘‘equation-of-state’ - (EOS)
modules There 1s nothmg in the MULKOM formulanon to restnct the number of fluid
components and phases that may be present.. The flow module .of TOUGH2 is coded in
| ‘ general fashlon for calculaung mass balances of an arbxtrary number of NK components
that are dlsmbuted -among NPH phases The EOS-modules included in the present
..release of TOUGHZ however, are. all hmlted to, ﬂow _systems with at most two com-
ponents and two phases More complex modules for three or more components-and
phases are m use at Lawrence Berkeley Laboratory, and source codes and documentation
for these are expected to become avarlable in the future. .
,.t‘__B‘esrdes providing values for all secondary;(thermophysical) parameters as func-
@ions of the pnmary variables, the EOS module must fulfill three additional important

fur}cﬁons:»" e el e et p e e D

(i) the phase conditions pertaining to a glven set of pnmary vanables must be
. -recognized (element-for-element), RO I i e

(n) the appearancc or msappearance of phases must be diagnosed as primary vari-
© ables change dunng the Newton-Raphson 1teratron process, and

(m) pnmary varlables must be swrtched in response to a change of phase |

. The _primaryvariables/secbndary parameters concept as implémented in MULKOM
and TOUGH?2 essentially eliminates any direct connection between the choice of primary
variables, and the Vsecondaryeparametersf_that are vused to set up the flow equations. ' This
provides ; maximum -flexibility and convenience in.the:choice ‘of:primary variables,
because only secondary parameters are -used in the flow equations. There is one single

exception to. this separation, namely,-pressure (of a reference phase) is by convention
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always the first primary variable, and it is used directly in the flow equations. The choice
of all other primary variables is completely free. Note that of the several EOS modules
described below, only one at a time should be hnked w1th the other TOUGH2 modules

4.1 EOS1(Water, Water kwi_,t'h Tracer) -

This is the first, most basic 'EOS-module :&eveioped for MULKOM. It prbvideS a
ciescﬁption of pure water in its'liduid; Vapor, and two?phase' states suitable for geother-
mal reservoir studies, and has a capability of r'ep‘rés'enﬁﬁig “two waters”” of identical phy-
sical propert'ies,’”which con”tain’- différént trace constituents. The default parametcr set-
tings for a single water component are (NK, NEQ, NPH, NB) = (1, 2 2, 6). The option
NEQ =71 is available for runmng problems that involve only hquld water, or only
superheated steam, under constant temperature condltrons The | pnmary variables are (P,
T) for single-phase points, (Pg, S g‘) for two-phase points. For the convenience of the user
it is possible to initialize two-phase points as (T, S;); a numerical value of the first pri-
mary variable less than 374.15 will automatically be taken to'mean temperature (in °C)
instead of gas pressure, and will cause variables to be internally converted from (T,S g) to

(P (T) S )pnor to execution.

The two-waters capablhty can be mvoked by specrfymg (NK, NEQ, NPH, NB) =
(2, 3, 2, 6) in data block" “MULTI” (see below) Wrth thls option, two water mass bal-
ances will be set up, allowmg separatc trackmg of the two components For example,
one could spemfy the water initially present in a ﬂow system as “water L’ whrle water
being inje(:ted is specified as “‘water 2.’ The primary variables in this case are (P, T, X)
for single-phase points, and (Pg, Sg, X) for two-phase points, where X is the mass fraction
of “‘water 2’ present. All thermophysical properties (density, specific enthalpy, viscos-
ity) are assumed independent of the component ‘mixture; i.e., independent of the mass
fraction X.- This ‘approximation is applicable ‘for ‘problems in which the “identity of-

different -waters is distinguished by the presence'of different trace constituents, which-
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-occur in concentrations low enough to net appreciably affect the thermophysical proper-

SHes. « L i

- "All water properties ‘(density, specific enthalpy, viscosity, saturated vapor pressure)

“are calculated from the steam table equations as given by the International Formulation
' Committee (1967). " The formulation ‘includes subregion 1 (subcooled water below T =

:350°C), subregion 2 (superheated ‘steam), and subregion 6 (saturation line up to T =

350°C). Within these regions, density and internal energy are represented within experi-

-mental accuracy. Viscosity of liquid water and steam are represented to within 2.5% by

correlations given in the same reference. - For details:of the formulation, its accuracy and
range of validity, refer to the original publication.
The phase diagnostic procedures ‘dre as follows. When initializing a problem, each

gnd block has two pnmary variables, (Xl X2) Whether X2 means gas saturation (two-

~ phase) or temperature (smgle phase) is dec1ded from the numerical value For X2> 15,

X2 is taken to be temperature in °C, otherw1se 1t is gas saturation (Although phys1ca11y
saturatmn is restricted to the range 0 < S < 1 it is necessary to allow saturations to
exceed 1 durmg the Newton-Raphson 1teration) If X2 is temperature, we have single
phase conditions; spemﬁcally, for P (= X1) > P, (T) we have single phase liquld other-
wise we have smgle phase steam. Subsequent to mitiahzation, the phase condmon is
identified sunply based on the value for S as stored in the array PAR S = O single
phase llqllld S —l smgle phase vapor, 0< S <1 two~phase : |

'+ Phase change is “reeogni'zedffas follows. ‘For “sin'gle“ ‘ph_ase _fpeih_ts' the temperature
(second primary ~’variable) is monitored, and‘ the correspon;ling sattltatiou 'piessure is
compared with P. For a vapor (liquid) point to remam vapor (lxquid), we require that P <

P, (P>P,); if this requirement is violated, a transmon to two-phase conditions takes

place. The primary variables are then “‘switched”’ 1o (P, S,), and these are initialized as

P, =P,,(T), S, = 0.999999 if the point was in the vapor region, and S, = 0.000001 if it

was in the liquid region. For twojphase points S " is monitored; we require that 0 < § g < 1
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for a point to remain two-phase. If S'g"'< 0 this indicates disappearance of the gas phase;
the primary variables are then switched to (P, T), and the point is initialized as single
- phase liquid, with T taken from the last Newton/Raphson iteration, and P = 1.000001 *
P_(T). For S é > 1 the liquid phase disappears; again the primary variables are switched
.to (P, T), and the point is initialized ‘as single phase vapor, with T taken ‘from the last
-Newton/Raphson iteration, and P = 0.999999 * P_ -(T). Note that in these transitions we
preserve temperature rather than pressure ‘from the: last -ihteration.v This is preferable
because in most flow problems ternperature tends to be more. slowly \tarying than pres-

-sure. A summary of EOS1 specifications and parameters is given in Table 3 below. - -

- Table 3. . Summary of EOS1 . ..

“Components - - '#1: water R
#2: “water 2” (optronal)
- Parameter Choices L ‘
(NK, NEQ, NPH, NB) = (1, 2 2, 6) one water component non-lsother-,
' fo S -7 'mal'(default) - ‘
(1,1,2, 6) only liquid, or only vapor, isothermal
2, 3,2, 6) two waters, non-isothermal
" Primary Variables .
single phase conditions

(P, T, [X]) — (pressure, temperature, [mass fractlon of water 2] )

two-phase conditions +
P g g, [X]) - (gas phase pressure, gas saturanon, [mass fraction of water 2]) -

two waters cannot be run in isothermal mode, because in this case temperature is not
the last primary variable

optlonal, for NK =2 only . N R

4.2 . EOS2 (Water, CO,)
" This fluid property module was developed by O’Sullivan er al. (1985) for describing
fluids in gas-rich geothermal reservoirs, which often contain CO, mass fractions from a

few percent to occasionally 80%or more (Atkinson et ‘al., 1980). ‘It accounts for rion-
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ideal behavior of gaseous CO,, and dlssolutlon of CO, in the aqueous phase according to
Henry s law w1th heat-of-solution eﬁ'ects ‘The thermophysxcal property correlations are
based on the model of Sutton and McNabb (1977); a formulanon due to Pntchett et al.

(1981) is used for the v1scos1ty of vapor-CO2 mixtures.

Specxﬁcatlons and parameters of EOSZ are summanzed in Table 4, A more detalled
description and apphcatlons to geothermal TeServoir problems are given in 1 the paper by

O’Sullivan et al. (1985).

" Table 4. Summary of EOS2

Cbmponents ' | # 1: water
- Parameter Choices , e
(NK, NEQ,NPH,NB)= . .. 23,2, 6) no other options
v are available
Primary Variables
single phase conditions
, (P, T, PCOz) (pressure, temperature, CO2 parual pressure)
two-phase conditions
( PCOZ) (gas pressure, gas saturation, CO2 partial pressure)

4.3 EOS3 (Water, Air) -

Th1s module is an adaptanon ‘of the EOS module of TOUGH for the TOUGHZ pro-
gram, and 1mplements the same thermophyslcal propertles model (see Prucss, 1987)
Thus, all water propertxes are represented by the steam table equauons as glven by the
International Formulation Committee (1967). Air is approxlmated as an ideal gas, and
additivity is assumed for air and vapor partial pfessnres in the gas phase, Pg =P, +P,.
The viscosity of air-vapor mixtures is computed from a formulation given by Hirsch-
felder et al. (1954). The solubility of air in liquid water is represented by Henry’s law;

(air) .

i.e., dissolved air mole fraction x;, ° is proportional to air partial pressure in the gas
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Jphase. . i SRR s
o e R @
Here KH is Henry’s constant, wh1ch isa slowly varymg functlon of temperature, varying
from 6.7 x 10° Pa at 20°C to 1.0 x 10 Pa at 60°C and 1 1 X 1010 Pa at 100°C (Loomls,
1928) Because a1r solublhty is small, thls k1nd of vanauon is not expected to cause

51gn1ﬁcant effects, and a constant Ky; = 1 0 X 10 Pa was adopted

EOS3 differs from the EOS module of TOUGH in one important respect, namely,
the choice of primary thermodynamic variables. In TOUGH we-have (P,T,X) for single
phase_ condiﬁons, (Pg,Sg,T) for twofphase _cquitions. The choice made in EOS3 is
(P,X,T) for single phase, (Pg,10.+Sg,T)-for two-phase. The rationale fole the seemingly
“‘bizarre’’ choice of '10.+Sg as a primary variable is as follows. As an opﬁon, We wish to
be able to run ieethennal ‘two-plaase flow problems with- the specification NEQ = NK, so
that the then superfluous heat balance equation needs not be engaged. This requires that
temperature T be the third primary variable. The logical choice of primarly‘ variables
would then appear to be (P, X,T) for single phase and (Pg,S s’T) for tWo-phase ‘conditions.
However, both X and S g Vary over the range (0,1), so that this would not allow a distinc-
tion of single phase from two-phase conditions solely from the numerical range of pri-
mary Vaﬁaﬁles. By takiag the second primary variable for two-phase conditions to be X2
= 10.+Sg, the range of that variable is shifted to the interval (10,11), and-a distinction
between s_ingle and ‘two-phase conditions can be easily made. As a cpnv_eniet_lce to
TOUGH users, pnmary vanables can optionally be mmahzed 1dentlcal to TOUGH
specifications by setting MOP(19) = 1. A summary of EOS3 specifications is glven in
Table 5.
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© S0t n S TableS.  Summary of EOS3 -t

COmEoets T Hhwae
gy o i T b S #2’
ParameterChorces i e P O
. (NK,NEQ,NPH,NB)= - (2326) water and air, noniso-
o ARt e e ' thermal(default)

(2,2,2,6) water and air, isothermal

anary Vartables o

smgle phase condttlons
SR XT) - (pressure, air mass fraction, temperature)

two-phase condmons i
(P S +10 ,T) = (gas phase pressure, gas saturation plus 10, temperature)‘

g setung MOP(19) 1 mmahzatlon can be made w1th TOUGH-style vari-
“ables (P, T,X) for srngle phase, P..S g,'l‘) for two-phase A :

4.4 EOS4 (Water, Air, with Vapor Pressure Lowering Capability) -

‘The specification of thermophysical properties in this EOS differs from EOS3 in that
”prov1s1on is made for vapor pressure lowermg effects.’ Vapor pressure is expressed by
“Kelvin's equation’ (Eq. A. 9), itisa functlon not only of temperature, but depends also on

“'caplllary pressure, which in tumn is 2 funétion 'of saturation. ‘The pnmary vanables are

- (PITP ) for s1ng1e phase ‘conditions and (Pg,S ,P ) for two-phase conditions. Note that in

"two-phase conditions temperature is not among the pnmary vanables Tt is 1mp11c1tly

‘determined from the relatlonshlp P P thh P =P (T S ,) as glven in Eq A9,

It would be possrble to use other sets of pnmary vanables, in parneular, temperature
k'could be used also in two-phase condtttons Our test calculatlons for a number of exam-
;ples 1nd1cated however, that the chmce ( ,P) usually lcd to better convergence 1
ébehavror ;than the choxce ( g,’l') The reason for the numencally mfertor behavror of
: the latter set is in the au' mass balance thh the vanables (P Sg,’l‘), the amount of a1r

%present in a gnd block becomes controlled by the dlﬁerence between total gas pressure

SireT g, B ST I DR SR :7‘ i L‘ I
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Pg and effective vapor pressure; P, = P_, (T) - fyp (T.S;), which can be subject to very
severe numerical cancellation. From the applications viewpoint, however, initialization
of a flow problem with the set (P;‘ és ,I) may be much more physical ’and convenient
EOS4 allows to initialize two-phase points as (P S s’T)’ this capablhty can be selected by
specﬂ‘ymg MOP(19) =1in the INPUT file. The default option for MOP(19) =0 is
®, S, ,P)

As a further convenience to users, the choice MOP( 19) 2 allows EOS4 to be ini-
tialized with EOS3 variables of (P, X, T) for single phase, (P R S + 10 T) for two-phase.

This way contmuauon runs WIIhVEOS4 can be ma}de from EOSB-generated conditions.

Note that, when usmg MOP(19) #0 optlons, data block or ﬁle INCON must ter-
minate on a blank record (‘ ’) If ‘+++"is encountered in INCON 1t 1s assumed that pri-
mary variables are provided in agreement with internal usage; MOP(19) is then reset to

zero and an informative message is printed.

» Vapor pressure lowering effects raise new issues because it is now possible for a
liquid phase to be present under condition_s ‘where vapor partial pressure and gas phase
_total pressure are less than the saturation pressure, What is the appropriate pressure at
which liquid phase density, enthalpy and viscosity ‘are to be evaluated? We believe that a

physically plausible choxce is to take P, max(P and this has been implemented

sat’?

in EOS4. The 1mp1ernentatlon faces a difficulty, however, beeause temperature is not
among the primary yariables in two—phase conditions, so. that P is only implicitly
known moreover, vapor pressure lowenng eﬁ'ects are funcuonally dependent on liquid
phase densxty, Wthh 1s also a functlon of temperature Thls leads to a potentlally
unstable situation w1th regard to the choxce of liquid phase pressure under condxtlons

where P =P whrch happens tobea common occurrence in boﬂmg reglons In order to

sat’

av01d thlS problem we evaluate hqmd water dens1ty in the Kelvm equatlon for vapor

pressure lowenng (Eq A 9) always at P P

sat? wh1ch w1ll be an excellent approx1mat10n

due to the small compress1b1hty of liquid water. In all accumulatron and flow terms, the
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densrty of ‘liquid water is evaluated at P; = max(P Pm).;»wVap,or pressure Jowering can be

optionally suppressed .by setting MOP(20) = 1. A summary of EOS84 specifications-is

giveninTable 6.1 -5 ottt
" “Table6. Summaryof EOS4
). .Components # 1: water
4 #2: air ’
Parameter Choices

@K, NEQ,“NPH,’NB):-;*-'-* S (2,3, 2:6) water and air, non-
- - . isothermal -
k (no other choices avallable)

MOP (20) 1 optlonally suppress vapor pressure lowermg effects

anary Vanables

single phase conditions
. (BT, P) - (pressure, temperature, a1r pamal pressure)

two-phase conditions
o (P P ) (gas phase pressure, gas saturauon, a1r parual
o " ‘pressure) T o

By setting MOP (19) 1 mmallzatlon of tWO-phase condmons
can be made with (P S , T).

By setting MOP( 19) 2, mmallzauon can be made with EOS3-
style variables of (P,X,T) for single phase, (P S '+ 10, T) for .
two-phase

R

4.5 EOSS (Water, Hydrogen)

SPITTUY d el R ‘f;i'ff‘v»\: i

Ina number of waste d1sposal projects, corrosive metals are to be emplaced in geo-
logic formations beneath the water table. These will evolve a mixture of gases, with
hydrogen being the chief constituent. The EOSS fluid property module was developed to
study the behavior of groundwater systems in which hydrogen release is taking place. It
is a close ‘‘cousin’’ of EOS3, the main difference being that the air component is
replaced by hydrogen, with considerably different thermophysical properties (see Table
7). The assignment and handling of primary thermodynamic variables in EOSS is identi-
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cal to EOS3 (see Tdble 5). The main differences in the assignment of secondary parame-
ters are as follows. Density of gaseous hydrogen is computed from 'the ideal gas law.
Viscosity and water solubility of hydrogen are interpolated from the data glven in Table
7. For temperatures in excess, of 25°C, qune’s;qlpbility at vé2‘5°C is used. The parameter
specifications of EOSS a’re,iden.tical to these ef EOS3 as given in Table 5, with “‘air’’
replaced by “‘hydrogen.’” R IR

., . Table7. Thermophysical Properties of Hydrogen

Density at P =1 bar - Experimentalt Ideal Gas Law'
T=280K. ..086546 kg/m coe 08660 kg/m
“T=300K ~ .080776kg/m’ = 08082 kg/m -
Viscosity* e L
. T=0°C - L T= 160°C“ ’
P=1bar 840><10 Pas _ ,_1033x10 Pa‘s

 P=100bar  8.57x10 Spas 1/‘1044><10 Pa‘s

Solublhty inwateratP=1 bar®

=0°C 1.92x 107 gH2/gH20
T=25°C 1.54x10° gHzlgl-le_ A,

*from Vargaftik (1975), p. 9. .

tuniversal gas constant R = 8§314.56 J/mol/°C; molecular weight of
hydrogen 2.0160.

 Safter Dean (1985). \ B
Solublhty at different pressures is computed from Henry s law 7
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5. ‘UserFeatures

Much of the data handling in TOUGH2 is accomphshed by means of a number of
disk files, which are written in a format of 80 characters per record s0 that code users
can edit and modify them with any normal text editor.. Table 8 summarizes the disk files
other than (default) INPUT and OUTPUT\used 1;1 TOUGHZ. Most of these are also used
in TOUGH, and files with the same names in both cedes ‘have identical formats. -'I'heuse
and function of these files is describéd in the following sections as well as in the sample

problems; further information is available in the TOUGH User’s Guide.

~Table 8. TOUGH2 Disk Files . .

‘Filc ¥ USC PR EI0 I DU SRS S BRI

MESH written in subroutine INPUT from ELEME and CONNE data, or in module
MESHMAKER from mesh specification data
-..read in -RFILE to initialize all geometry data: arrays used to define the
discretized fiow problem

GENER " 'written in subroutine INPUT from GENER data =
read in RFILE to deﬁne _nature, strength and txme—dependence of smks,
" and sources ' “1

,INCON - ‘written in subroutine INPUT from INCON data.::. .
rdelad in RFILE to prov1de a complete spemﬁcatlon of thermodynarmc con-
S tlons R i e tal ~r.,.-5.;w‘ lzzv,

SAVE written in subroutme WRIFI to record thermodynamlc condltxons at the_“ |
st i end of a TOUGH2 simulation run-
compatible with fonnats of file or data block INCON for m1t1ahzing a con-

TR B tlnuatlon mn
- /MINC - ..written in module MESHMAKER with MESH-compatlble specifications,

to provide all geometry data for a fractured—porous medmm mesh (doublc
. ., - porosity, dual permeability, etc.) .
read (optionally) in subroutine. RFILE to mmahze geometry data for a

... fractured-porous system - : ;

LINEQ  written in linear equation solver MA28” to prov1de mformatlve mes-
sages on linear equation solution :

TABLE *(optlonal available only with certain EOS modules) written in subroutine
Tt QLOSS  to record ‘data on” heat ‘exchange with 1mpermeable confining
.. layers, or heat and fluid exchange with. embedded matrix blocks in a
o ‘fractured-porous medium’ - ’

read in QLOSS in a continuation run
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VERS written in all TOUGH2 program units with informational message on ver-
sion number, date, and function
read in main program ““TOUGH2"’ and printed to default OUTPUT at the
conclusion of a TOUGH2 simulation run; printing of version mformation
is suppressed when keyword ‘NOVER’ is present in INPUT file - o

5.1 Specifcaton of Flow Geometry

' Handling of flow geometry data in TOUGH2 is upward compatible with TOUGH
input formats and data handling'.‘ ‘Asin other ‘‘integral finite difference’’ codes (Edwards,
1972;%Narasimnan and Witherspoon, 1976), flow geometry-is deﬁned‘by means of alist
of -volume elernents (“grid ’hlocks"?), and a list of ﬂo_w-connecticns between them. This
formulation can cope with regular and irregular fiow geomeu'ies in‘one, two, and three
dimensions. Single- and multiple-porosity systems (porous and fractured media) can be
specified, and higher order methods, such as seven- and nine-point differencing, can be
implemented by means of appropnate specification of geometnc data (Pruess and Bod-

varsson, 1983).

Volume ‘elements in TOUGH2 are 1dent1ﬁed by ﬁve-character names, such as
“ELE10.” Flow connections- are specified as ordered pairs of elements, such as
“(ELEIO,ELEII).” A variety of options and facilities are available for entering and
processing the correspondmg geometric data -(see Fig 4). As in TOUGH ‘element
volumes and domam 1dent1ﬁcat10n can be prov1ded by means of a data block “ELEME”’
in the INPUT ﬁle, while a data block “CONNE” can be used to supply connectlon data,
including interface area, nodal distances from the interface, and, orientation of the nodal
line relative to the vertical. Thesé data are intemally written to a disk file “MESH‘ which
in turn mluallzes the geometry data arrays used durmg the ﬂow s1mulat10n The data for-
mats on ﬁle MESH are identical w1th the format spec1ﬁcat10ns for data blocks ELEME
and CONNE. | o L

o TOUGH2 ’o'ﬁers additionalba\‘(enues ’for»deﬁninig ﬂow system geometry. B&l means
of the keyword ‘MESHMAKER'’ in the INPUT file, a special program module can be
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invoked to perform a number of mesh generation and processing operations. The MESH-
MAKER module itself has a modular structure; present sub-modules include ‘‘RZ2D’’
for generating two-dimensional radially symmetric (R-Z) meshes, and *‘XYZ’’ for one-,
two-, and three-dimensional rectilinear (Cartesian) grids. Multiple-porosity processing
for simulation of flow in naturallyzfractdred reservonscan be invoked by means of a key-
word  “MINC,” which stands for “r‘rii.lltiir)lew : inte’x‘at:t_ing continua’’ (Pruess and
Narasimhan, 1982, 1985; Pruess, 1983a; ! see Appendrx C). The ““MINC’’-process
operates on the data of the' pnmary * (porous medmm) mesh as provrded on drsk file

‘“MESH,”’ and generates a secondary” mesh contalmng fracture and matnx elements
with identical data formats on file *MINC.” ('I‘he ﬁle MESH used in thns process can be
either directly supplied by the user, or it can have been internally generated either from
data in INPU'I;‘V‘blocks ELEME and CONNE, or from RZ2D or XYZ mesh-making; see
Fig. 4.) As a convenience for users,desiriog" éraphicai‘disp'lay of data, the internal mesh
generation process will also write nodal point coordinates on file MESH. These data are
written in 3E10.4 format into columns 51-80 of each grid block entry in data block
ELEME. At the present time, no mtemal use whatsoever is made of nodal point coordi-

nates in TOUGHZ

In TOUGH?2 elements are referenced by names consisting of a string of five charac-
ters, ‘12345 These are arbitrary, except that thelest_:.two characters (#4 and 5) must be
numbers. Specific naming converrtiorrs lrdve been ’adopte‘d in the internal mesh generation
process. For RZ2D, the last two characters directly number the radial grid blocks, from 1
through 99. Character #3 is blank for the ﬁrst 99 radial blocks, and then runs through the
sequence 1, 2, ...; 9, AB,..,Z fora maximumn total of 3599 radial blocks. The second
charecter counts up to 35 grid layers as 1, 2, ..., 9, A, B, ..., Z. The first character is ‘A’ for
the first 35 layers, and is incremented to B, C, ..., Z, 1, 2, ..., 9 for subsequent groups of 35

layers.

~ For rectilinear meshes generated‘b';y‘ XYZ, "cl‘iaretctersjlfl and '5::'to'gether number the
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grid blocks in X-direction, 'while character #3 = 1, 2, ..., 9, A, B, ..., Z numbers Y-
direction ‘grid blocks, and’ character #2, running through the same sequence as #3,
numbers grid blocks in Z direction. *‘Overflows’’ in any of these (more than 99 X-blocks,
more than 35 Y- or Z-blocks) advance character #1 through the sequence A, B, C, ..., Z.
Both RZ2D and XYZ assign all grid blocks to domain #1 (first entry in block
““ROCKS’’); a user desiring changes in domain as51gnments must do so ‘‘by hand,”
either through editing of the MESH file, or by appropnate source code changes in sub-
routines WRZ2D and GXYZ.

TOUGH?2 runs that involve RZ2D or XYZ mesh generation will produce a special
printout, showing element names arranged in their actual geometric pattern. An example
is'given in Fig. 18. ' |

The naming conventions for the MINC process are somewhat different from those
originally adopted in.’the GMINC program (Pruess, 1983a), and are as follows. For a pri-
mary grid block With name *12345,” the corrésponding fracture subelement in the secon-
dary mesh is hamed * 2345° (character #1 replaced with a blank for easy recognition).
The successive matrix continua are labeled by rﬁmiirigfeﬁa'.racter #1 through 2, ..., 9, A,
B, ..., Z: The domain assignmeﬁf is incremented by 1 for the fracture grid blocks, and by
2 £t the matrix grid blocks. Thus, domain assignments in data block ‘“‘ROCKS’’ should
be provided in the following order: the first entry is the single (effective) porous medium
(POMED), ‘then follows the effectiye fracture : continuum’ mm, ‘and then the rock
matrix (MATRX). An example is given in sample problem 4. |

| - Usérs should bewde that the MINC process may lead to ambiguous element names

when the *‘inactive’* element devxce (see below) is used to keep a pOI‘thﬂ of the pnmaxy

mesh as unprocessed porous medmm

Mesh generatlon and/or MINC processmg can be performed as part of a s1mu1anon '
run. Altematwely, by cIosmg the INPUT file' w1th the keyword ‘ENDFI’ (mstead of
‘ENDCY"), it is possible to skip the flow simulation and only execute the MESHMAKER
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module to generate & MESH or MINC file. These files can then be used, with additional
user-modifications “‘by hand’’ if desired, in-a subsequent flow simulation.. MESH—
MAKER input formats are described in Section 6, and examples of practical applicétiOns
are given in the sample problems. Execution of MESHMAKER produces printed output
which is self-explanatory. .. '

52 Initial Conditions and Restarting

As in the TOUGH code, initial thermodynamic conditions for the volume elements
- in-the flow domain can be assigned tq/i'dlen_ticalv default values for all elements, or they
can be prescribed for each element individually by means.of a data block *‘INCON.” A
file *“INCON,” written to the same specifications as data block “INCON,’” can also be
usevd:for initialization. ’

. - A simulation problem can be conveniently run in several segments. At.the end of a
simulation run TOUGH2 writes the primary thermodynamic variables of all elements on
a disk file ““SAVE’’ with format specifications identical to ‘‘INCON.”’ For a subsequent
continuation run, file ““SAVE’ can be merged into the INPUT file as daﬂta.,,llalock
“INCON,” or it can be renamed as file “INCON.’’'In the latter case no data block
INCON can be present in the INPUT file, as this would cause the INCON file to be

overwritten.

- TOUGH2 offers the additional facility of assigning initial conditions uniformly
throughout selected zones of the simulation grid. This is invoked by means of a data
block *“INDOM,’ which provides information on thé, thermodynamic .conditions 1n
gser-déﬁned domains. The format specifications for block ‘‘INDOM’" are similar. to
those used in ““INCON’’ (see Section 6). Thermodynamic, conditions given in block
“IN]?OM’T take precedence over ’dcfat}lt assignments for the entire ﬁow domain;

specifications for individual grid blocks in ““INCON’’ supercede all other assignments.
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't . The *‘normal’’ way -of defining initial conditions is by directly providing ‘the pri-

-mary : thermodynamic variables.. Note that these .variables. are generally different for

different EOS modules. The thermodynamic state variables that are. used internally .in

TOUGH2 as primary dependent variables may not always be the most convenient vari-

ables for a user to initialize a flow problem. The parameter MOP(19) offers a variety of

choices, which permit initialization with variables.different from the internally used pri-

mary variables. These choices are different for different EOS modules, and are docu-

‘mented in the one-page informational printout produced by each EOS. -,

. At the end of a simulation run, file “*‘SAVE’’ will always be written with the internal

primary variables of the EOS module used. When: modifying an INPUT file for a con-
tinuation run, MOP(19) might therefore have to be changed to its default value MOP(19)
=.0 for piropgr;‘i;n(itiglkiz.atiqn, ‘To minimize the possibility of user error, an automatic
«t*switch’’ has been implemented in TOUGH2, as follows. The file *‘SAVE"’ as internally

written by TOUGH2 terminates on a record with, ‘+++ in the first three columns, fol-

: :lo'wec_l,byjqng record w1th restart. information. When the data ‘blbck “‘INCON’’ or file

*INCON’’ terminates on ‘+++ rather than on a blank line, it is assumed that this
H‘INCON’’ was internally-generated in a previous TOUGH2 run and that, therefore, it is
written with the internally: used set of primary variables, Accordingly, when ‘+++’.is

encountered in INCON the switch MOP(19) is reset to zero, and.an informative message

tvo‘thispﬁ'ectispri‘nted.;‘ et oosnto e e napnia
5.3 Boundary Conditions and “Inactive’ Elements .

Boundarj:conditions -can be of two basic types. Dirichlet ‘conditions ‘Aprcscribe ther-
modynamic conditions, such as pressure, temperature, etc. on the boundary, while Neu-
mann conditions prescribe fluxes of mass or heat crossing boundary surfaces. A specl
case of Neumann boundary_conditions is “‘no fiuc,” which in the intopral it

diffgréngp framework is handled with simplicity itself, namely, by not specifying any
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flow connections across the boundary. More general flux conditions are prescribed, as in
“TOUGH, by introducing sinks or sources of appropriate strengths into the elements adja-
cent to the boundary. - i LoL
- TOUGH 'did ‘not offer any special means of prescribing Dirichlet boundary condi-
tions. Such conditions were implemented:simply by ‘assigning Very large volumes,
10°% m’, say, to certain grid blocks, so that their thermodynamic conditions would remain
practically ‘unaltered during a simulation' run. TOUGH2 offers an alternative means for
implementing Dirichlet conditions, which provides savings in corriputational work along
‘with added user conveniences in running simulation problems. This is accomplished with
-the simple device of ‘‘active’’ and *‘inactive’’ elements.

By convention, elements encountered in data block ‘ELEME” (or files ‘““‘MESH”’
or ‘“‘MINC”’) are taken' to be *‘active’’ until the first element ént'ry'Wi'th a Zero or nega-
tive volume is encountered. The first élement with volume 1es§ than or eqﬁal to zero, and
all subsequent elements, are taken to be “‘inactive.”’ For the ihactivé elements no mass or
energy balance equations are set up, and their primary thermodynamic variables are not
included in the list of unknowns. Otherwise, however, inactive elements can appear in
flow connections and initial condition speciﬁcations like all other elements. This feature
can be conveniently used to specify Dirichlet boundary conditions, by gathering all ele-
ments beyond the desired flow domain boundary at the end of the ELEME-block, and
inserting a ‘‘dummy’’ volume element of zero volume in front of them. Thermodynamic
conditions for the inactive elements will be rigorously maintained during a simulation
run. Their computational overhead is moderate Because they do not increase the dimen-
sionality of the flow problem (number of equations and unknowns; see Fig. 3).

" The inactive-element concept can be conveniently used for simulating flow prob-
lems ‘that evolve through different ‘process' segments. For example, in many reservoir
simulation problems it is desired to first calculate a ““natural’’ steady state, correspond-

ing to gravitational (or gravity-capillary) equilibrium, or to steady mass and heat flows
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| “produced by certain pressure and temperature conditions at the flow system boundaries.

Subsequently ‘one wishes to simulate the transient changes in response to ‘man-made per-
turbations or to naturally occurring changes, while maintaining gravity-equilibrated pres-
sure\conditionsat the boundary. Such zboundaxy conditions ‘can be implemented by
including elements beyond the desired bounda'ryvin,the gravity equilibration run, and
maklng these elements 1nact1ve ina subsequent contmuatmn run mvolvmg productxon or
mjectwn operatlons - o | /' o |

7 The spemﬁcauon of 1nact1ve elements can also be used 1n the MESHMAKER
module to steer the MINC-process of subgridding volume elements By convention,

inactive elements will remain unpartitioned, i.c., they will be treated as a single porous

medium.

5 4 Heat Exchange thh Conﬁmng Beds

One poss1b111ty for modehng heat exchange with confining beds is to simply extend
the computauenal g11d into the cap- and base-rock, which would be given small or van-
ishin‘g_i_ pertneabillty, In this jabproaeh heat exchange would be treated no different than
i?ow in the teser'velr,__ A drawback of this approach is. that even for modest.accuracy .
requixjexnents, the number of grid blocks in the heatlﬂov‘vvd:omain could easily become
larger than the number ot‘ grid blocks in the reservoir, leading to a very inefficient calcu-
latlon A much more eﬂi:xent altematlve 1s apphcanon of a sem1-ana1yt1cal ‘method,
Whlch requlres no gnd blocks out51de of the ﬂuld ﬂow domam, and permits better accu-
racy for short- and long-term heat exchange TOUGH2 prov1des an option to. use the
method of Vmsome and Westerveld (1980), whxch glVCS excellent accuracy for heat
exchange between reservoxr ﬂulds and conﬁmng beds such as may anse 1n geothermal

1n_]ect10n and productlon operatlonS NPT

Observmg that the process of heat conduction tends to darnpen out temperature

var;auons, Vinsome and Westerveld. suggested that cap- and base-rock temperatures
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would vary smoothly even for strong and rapid temperature changes at the boundary of
the, conduction zone. Arguing that heat conduction’ perpendicular. to: the conductive
boundary is more important than parallel to it, they proposed to represent the temperature
profile in a semi-infinite conductive layer by means of a simple trial ifunbﬁon, as follows:

T -T=(T-Ti+px+adexp(xd) (5
Here x is the d1stance from thc boundary, T 1s“1'h-1t1a1 temperature in cap- or base-rock
(assumed uniform), Ty is the time-varying temperature at cap- or base-rock»boundary, P
and q are tinieéirarying fit parameters, and d is the i)enetratibn depth for he'at'cdnduction,
sivei by L 4 . . .

0¥

d=—2— - (6

where 6 = K/pC is the thermal diffusivity, K the thcrmal conducuvxty, p the density of
the medium, and C the specific heat. In the context of a ﬁmtc-dlfference simulation of
nonisothermal flow, each grid block in the top and bottom layers of the computational
grid will have an associated temperature profile in the adjacent impermeable rock as
given by Eq. (5). The coefficients p and q will be different for each grid block; they are
determined concurrently with the flow simulation frbm the physical constraints of (1)
continuity of heat flux across the boundary, and’ (2) energy conservation for the

reservoir/confining layer system. -

There is no separate input data block for specifying a scmlanalytxcal heat cxchange
calculation. Instead, a number of parameters have to be spemﬁed in dlfferent blocks to
engage this option, as follows. A serm—analytlcal heat loss calculatlon w111 be performed»
only when the parameter MOP(IS) in record PARAM lis set equal to 1 Imual tempera-
ture as well as heat capacity and conductmty of the conﬁmng beds is spemﬁed by means
of data provided for the very last volume element in data block ELEME “The mmal tem-
perature is taken as the temperature with which the’last element is initialized. Heat capa-

city and conductivity are taken from data provided in block ROCKS for the particular
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domaih to which the last element belongs. Thiis, if a semianalytical heat exchange calcu-
lation is desired, the user would append an additional inactive elemént in block ELEME, |
and provide the desired ‘parameters as initial conditions and domain data, respectively,
for this element. Finally, it is necessary to specify which elements have an interface area
with the confining beds, and 'to give the magnitude of this interface area. This informa-
tion is input as parametet AHTX in columns 31—40 of grid block data in block ELEME,
Volume elements for which a zero-interface area is specified will not be subject to heat
exchange.. @« oo o s T

"' In'the present version of TOUGH2, a semi-analytical heat exchange calculation can
be performed only when the *‘geothermal’* EOS modules EOS1 or EOS2 dre used. An
implementation for other EOS ‘modules, and an extension to heat exchange with finite-
$ize impermeable rock matrix blocks embedded in the flow domain, will be included in a
future felease (Pruess and Wi, 1989) ‘ '

At the termmatlon of aTun the data necessary for contmumg the heat exchange cal-
culatxon in'a TOUGH2 continuation run ‘are ‘written onto a dlsk file TABLE ‘When res-
tarting a problem, ‘this file has to be provrded under the name TABLE. If ﬁle TABLE is
absent, TOUGH? ‘assumes that no prior heat eiécﬁéﬁge' with ‘confining beds has taken
place, and takes theu' temperatures to be umform and equal o the temperature of the very

last volume element in block ELEME. SRS

5.5 Future Code Developments . . . .. . ... i ¢

7' had been mentioned above fhat the present reléase of TOUGH? a§ described in
this report includes a selection of some of the better tested and useable MULKOM pro-
grath modules. The LBL group has developed a-large number of additional mbaulesfand
descéndants of MULKOM and TOUGH ‘which are ‘éxpected to be made available in
fiiture Teledses. These include additional EOS modules for multiphase filid mixtures con-

taining hydrocarbon and non-Newtonian -flids, ‘capabilities ‘ for ‘modeling rock-fluid
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interactions with dissolution and precipitation processes and associated porosity and per-
meability change, modules for production :and injection well operations and scheduling,
preprocessor programs'for higher-order differencing schemes to diminish space discreti-
zation errors, and specialized ,rqutirijcs for the study of multiphase flow processes in frac-
tured media, including hysteresis effects. Many developments in the ,T'OUGvaode have
also been made by users outside LBL to enhance process descriptions, improve execution
speed, and add user conveniences (Pruess, 1990b).. .

Further improvements in TOUGH2 are desirable to represent certain processes in a
more accurate and complete. fashion. For example, the present coding represents only
advection and does not include any diffusive or dispersive processes 1n the_liéuid phase.
Appropriate flux terms could be added in a continuum-based.formulation; alternatively,
marker particies ‘could be employed .to. model species transport. The description of gas
flow processes includes Knudsen (slip flow) effects only in a rough approximation due to
Klinkenberg (1941); a more unified treatment of Darcy, Knudsen, and diffusive effects is
desirable. Such‘funlqu enhancements m j)rocess deggﬁpﬁon are expected to be readily
feasible by acyvidving’appropr(iatg modules to the.cxistirgg TOUGH2 structure. Alsq, many
user féétures sﬁch as a moré ingémctive and , graphically oriented interface could be

added to facilitate code applications (see the discussion in Pruess, 1990a).

When making changes in the code, it is essential to preserve a continuous depen-
dence of all secondary parameters on the primary thermodynamic variables. True numer-
ical discontinuities, such as a non-zero capillary air entry pressure, are inadmissible.
They may lead to an unstable situation in which the residuals in the governing equations
(B.6) become discontinuous functions of the primary variables, so that it may be impossi-
ble to reduce them to small values. A finite transition region for continuous variation of
parameters must be provided. For example, if a user wishes to define a capillary pressure
function with air. entry effects, (s)he must provide a finite interval, from S, =1 to

S, =0.99, say, over which capillarx,pressurq changes from 0 to P, , . For ease of conver-
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gence during the non-linear Newton/Raphson process, it is actually desirable that the

derivatives of secondary parameters with respect to primary variables also be continuous.

Future releases of TOUGH2 w111 remain upward compatible with the present ver-
sion. We will strive to maintéin a transparent and accessible source code that will facili-
tate applications to complex flow problems, and will be amenable to fuﬁher enhance-
ments. Users making code modifications are urged to utilize the simple version control
system provided in TOUGH2. Any time changes in the code are made, the dates in the
WRITE(11,899) statement appearing at the top of the affected program units should be

updated, so that a traceable and referenceable record of source code developments and

applications may be maintained (see the discussion in the Introduction, and the example

given in Fig. 14).
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6 Preparatlon ofInput Data e T e e
TOUGH2 mput is to be prov1ded through a ﬁle INPUT orgamzed mto data blocks
whrch are labeled by ﬁve-character keywords Apart from a: few exceptrons, dlscussed

below, the order of the data blocks in the INPUT ﬁle is arbrtra.ry As has been mentioned
before, the TOUGH2 mput formats are upward compatlble w1th those of TOUGH. Flgure

tronal parameters that in TOUGHZ are provrded through the same data blocks TOUGHZ
has a number of new, optlonal data blocks, These are llsted in Table 9 and the

corresponding input formats are shown in Frg. 6. .

- Table 9 New Data Blocks in TOUGHZ (all optlonal)

"keyword ' functron

MESHM mvokes internal mesh generanon and processmg facrhues ,

MULTI allows to select number of fluid components and'balance equations |
o per grid block; applrcable only wrth certam EOS modules that offer
ioiooon o different options
. INDOM - . permits domam-specxﬁc mmahzatron of thermodynaxmc condrtrons

.. .NOVER if present, optionally suppresses a printout of versions and dates of
L the program units executed ina TOUGH2run
" ENDFI dlternative to “ENDCY”’ for closing a TOUGH?2 input file; will
P e cagse lfle(ziw sxmulanon to be skxpped useful 1f only mesh generatlon
. isdes VI , L

; We shall ﬁrst summarrze the new parameters and optlons of TOUGHZ in the “old”,
(TOUGH) data blocks. Subsequently, we shall drscuss the - mput fonnats and choices
avallable through the new data blocks For a detarled drscussron of those mput vanables

that are identical to the ones used in TOUGH refer to the TOUGH User s Gurde

6 1 Enhancements in TOUGH Data Blocks R

-~ As a convenience to the user, comments or text can be 1nserted between data blocks

‘)

anywhere ina TOUGH2 1nput ﬁle Such records w111 generate a one-lme pnnted output
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TOUGH- Input with TOUGH2 Extensions
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Figure 5. TOUGH Input Formats with TOUGH2 Extensions.
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o .  New (optional) Data Blocks in TOUGH2 .
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Frgure 6, Input Format_s for new TOUC'HZL'data’ nlocks.

“Have read unknown ‘block label ‘[ﬁrst five characters] lgnore thls, and continue
readmg mput data,”’ but will otherw1se be 1gnored (In TOUGH executxon s1mply

stopped when an unknown block label was encountered.)

Several of the “MOP” parameters (ﬁrst record in block ‘PARAM ) that control
optional pnntout and some calculational choices, have drfferent optlons and settmgs than
in TOUGH Each TOUGH2 run will produce a one-page informative pnntout of avall-
able »selectlons and options. chosen. - Additional Aparameters. provrded through. TOUGH
data blocks are. as follows (see Fig. 5). The second (optional) record-in block ‘ROCKS’
has a parameter GK which is the Klinkenberg parameter. b in the gas phase permeability
relationship k = k(1 + b/P). In partially saturated rnedia, vapor diffusion can be consid-
erably enhanced in comparison to the expressicn given in Eq (AL75, due to phase 'change
eﬁ"ects (condensation/evaporation) at the pore level.. Such enhanced diEusion can be
modeled by specrfymg a surtable value typxcally of order 1 for the parameter B= ¢S T.

This is to be entered as’ parameter BE 'in the first record in block ‘PARAM.” In block
‘ELEME,” AHTX is the contact area of a grid block with the top or bottom boundary of
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the flow system. This can be used with certain EOS modules for a heat exchange calcu-

lation with sem1-mﬁmte han spaces that represent the conﬁmng beds of a ﬂow system

(see example problem 3, below). The X,Y,Z-data in element records are nodal pomt‘

coordmates These are not used at all in TOUGHZ but can be optlonally provrded in the
‘ELEME’ block to facrhtate plottmg

When workmg w1th dlfferent EOS modules, there isa need to be able to specxfy
mJectlon of d1ﬂ'erent ﬂlﬂd components (or heat).: Table 10 lists the TYPE spec1ﬁcat10ns

that can be used in data block GENER in the mput file.

Table 10. Specifications for Generation Types

Code Words

Component . (variable “TYPE” ~ . - Component.
Index in block GENER) EOS1 EOS2 EOS3 EOS4 EOS5
#1  COMI1,MASS, WATE  waterl - water  water  water  water
#2 COM2, AIR, WATR water2  CO, air air H,
w9 coM3 -
Y coM4 - - e
#NKIT . HEAT _ heat heat heat heat heat

not used in EOSI through EOSS
TNK1=NK+1

Thus, a user working with the ‘‘two waters’’ option of EOS module EOS1 would specify
TYPE = COM1 (or MASS, or WATE) to inject.‘‘water 1,”’ while specification of TYPE
= COM2 (or AIR; or WATR) would allow injection of ‘‘water 2.> ~ - = -~

6.2: New T,OUGHZ Data Blocks (see Fig. 6)

MESHMAKER introduces parameters for internal mesh generation and _processing.
.. _... The MESHMAKER input has a modular structure, which is explained
in section 6.3. The MESHMAKER data block has a vanable number

. of records; its end is indicated by a blank record.
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MULTI permits the user to select options as {0 the number and nature of bal-
ance equations solved. Available options are different for different
Py . EOS modules (see Tables 3—6). The keyword ‘MULTT" is followed by
a smgle data record.

Record MULTII ‘v
o Format(415)
. NK,NEQ;NPH,NB =

- NK . number of mass components

| _ NEQ number of balance equations per gnd block (usually NEQ =
# 2oNK + 1, for an energy equation in addition to NK mass bal-
ance equanons)

""" "NPH" 'number of phases that can be present

“., NB .- number of secondary parameters in PAR-array other than
component mass fractlons (NB 6 for all prescntly avail-
-~ able EOS modules) e 0

INDOM - ©  introduces domain-spécific initial conditions.

Record INDOM 1

Format(A5)
MAT

MAT  name of a reservoir domain, as specified in data block
‘ROCKS’

Record INDOM.2

Format(4E20‘13) '
X1,X2,X3,X4 "

“A set of primary vanables ass1gned to all d blocks in the domain
specrﬁed in record INDOM. 1o gn

Record INDOM 3 .
A blank record closes the INDOM data block Repeat records

i INDOM.1 and INDOM.2 for as many domains as desired. The order-
mg is arbrtrary and need not bc the same as in block ‘ROCKS’

NOVERSION (optxonal) b
S One record w1th ‘NOVER' typed in columns 1—5 wrll suppress prmt-
- ‘ingofa summary of versrons and dates of the program units used in a
T UGH2run o RN ,

k.‘_(optlonal) T S N |
. One record wnh ‘ENDFI’ typed in columns 1—5 will terminate reading
of the INPUT file, and wiil cause the flow simulation to be skipped.
o © . This option can be used when only mesh processing is desired.
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6.3 Input Formats for MESHMAKER

At the present tlme there are three sub—modules avallable m MESHMAKER (see
F1g 7): keywords ‘RZ2D’ or ‘RZ2DL’ invoke generatlon of a one or two-dtmens1onal
radially symmetric R-Z mesh; ‘XYZ’ initiates generatlon of a one, two, or three-;
d1mens1onal Cartesian X-Y-Z mesh; and ‘MINC’ calls a modlﬁed version of the
“GMINC” program (Pruess, 1983a) to sub-partmon a “pnmary” porous medium mesh
intoa- secondary mesh for fractured medra, usmg the method of “multrple interacting
continua’’ (Pruess and Narasrmhan, 1982 -1985).. The meshes generated under keyword
‘RZZD’ or XYZ are 1ntema11y wntten to file MESH ‘The: MINC’ processing operates
on the data in file MESH so that mvokmg the ‘RZZD’ or ‘XYZ’ options, or assignment
of ‘ELEME’ and °‘CONNE’ blocks in.the INPUT file must precede the
MESHMAKER/MINC data. We shall now separately describe the preparation of input
data for the three MESHMAKER sub-modules. |

Generation of radially symmetric grids

RZ2D
(or RZ2DL) invokes generation of a radially symmetric mesh.

When RZ2D is specified, the mesh will be generated ‘‘by columns;”’
i.e., in the ‘ELEME’ block we will first have the grid blocks at smal-
lest radius for all layers, then the next largest radius for all layers, and
so on. With keyword ‘RZ2DL’ the mesh will be genecrated *‘by
layers;’’ i.e., in the ‘ELEME’ block we will first have all grid blocks
for the first (top) layer from smallest to largest radius, then all grid
~ blocks for the second layer, and so on.. Apart from the different order-
- ing of elements, the two meshes for ‘RZ2D’ and ‘RZ2DL’ are identi-
--‘cal. The reason for providing the two alternatives is as a convenience
to-users in implementing boundary conditions by way of “‘inactive”’
elements (see Section 5.3). Assignment of inactive elements would be .
made by using a text editor on the RZ2D-generated *‘MESH”’ file, and
moving groups of elements towards the end of the ‘ELEME’ block,
past a ‘‘dummy’’ element with zero volume. ‘RZZD’ makes it easy to
declare a vertical column inactive, facilitating assignment of boundary
conditions in the vertical, such as a gravitationally equilibrated pres-
sure gradient. ‘RZ2DL’ on the other hand facilitates implementation
f “‘areal’’ (top and bottom layer) boundary condmons

RADI - s the ﬁrst keyword followmg ‘RZZD’ it introduces data for defining a
set of interfaces (grid block boundanes) in the radial direction.
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NESHNMAKER - Two-dimensional R-Z Grids
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Figure 7. Input formats for MESHMAKER module.
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Record RADII.1 ‘ i .
Format(AS)
NRAD .
NRAD - number of. radlus data that will be read.
Record RADIIL2

Format(SE10.4)
- RC(),I=1,NRAD
. RCO® a set of radii in ascendmg order

EQUIDISTANT introduces data on a set of equal radial increments.
‘Record EQUID.lv.- oo

Format(I5, 5X, E10.4)
. NEQU,DR

NEQU number of desired radial mcrements
DR 'magmtude of radlal increment.

Note: v At least one radius must have been deﬁned via block
RADH’ before ‘EQUID can be mvoked

LOGARITHMIC introduces data on radial increments that increase from one to the next
by the same factor (AR, =f" ARn)

Record LOGAR.1
- Format(A5, 5X, 2E10.4)
}NLOG RLOG, DR
NLOG number of additional mterface radii desu'ed
RLOG desired radius of the last (largest) of these radii.
DR reference radial increment: the first AR generated will be
‘ equal to - DR, with f internally determined such that the
last increment will bring total radius to RLOG. (If DR is set
equal to zero, or left blank, the last increment DR generated
before keyword ‘LOGAR’ will be used as default.)
Additional blocks ‘RADII’, ‘EQUID and LOGAR’ can be spec1ﬁed
in arbitrary order.
Note:  Atleast one radius must have been defined before ‘LOGAR’
- can be invoked. If DR = 0 at least two radii must have been
deﬁned
LAYER “introduces mformanon on horlzontal ‘layers, and mgnals closuxe ‘of

RZZD mput data
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~ Record LAYER.1
Format(I5)
NLAY
~~NLAY - number of horizontal grid layers.
Record LAYER.2

Format(8E10.4)
H(D, 1=1,NLAY -

~H@ “asét of layer thicknesses, from top layer downward. By

. “default, zero or blank entries for layer thickness will result

' in"assignment of the last preceding non-zero entry. Assign-
ment of a zero layer thickness, as needed for inactive layers,
can be accomplished by specifying a negative value.

.~ The LAYER data close the RZ2D data block. - '
" ‘Note that one blank record must follow to mdxcate termination of the
: 'MESHM data block.. Alternatively, keyword ‘MINC’ can appear to

7 mvoke MINC-processmg for fractured medla (see below)

Rectilinear grids

XYZ

*Record XYZ 1

invokes generation of a Cartesian (rectilinear) mesh.

Format(ElO 4)
DEG

DEG . angle (m degrees) between the Y-axls and the horizontal.

If gravrtanonal accelerauon (parameter GF in record PARAM. 2) is

specified positive, -90° < DEG < 90° corresponds to grid layers going

© - from top down. ‘Grids can 'be specrﬁed from bottom layer up by setting

GF or BETA negatrve Default: (DEG O) corresponds to a vertical

.. Z-axis. X-axis is always horizontal. ...

liecord XY22 S

7 Formar(A2,3X,15, E10 4
| .NTYPE, NO,DEL

e TNTYPE set equal 1o ‘NX,! *NY’ or ‘NZ for specifying grid incre-

. mentsin X Y, or Z dlrecuon

~NO j\'"':f’ - number of gnd mcrements desrred

S DEL v, constant gnd mcrement for NO grid blocks, if set to a non-

Zero value




Record XYZ.3

Record XYZ .4
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(optional, DEL = 0. or blank only)

Format(8E10.4)
DEL(),I=1,NO

DEL(I) a set of grid increments in the direction spemﬁed by NTYPE
in record XYZ.2.

Additional records with formats as XYZ.2 and XYZ.3 can be .pro-
vided, with X, Y, and Z-data in arbitrary order.

a blank record closes the XYZ data block. -
Note that the end of block MESHMAKER is also marked by a blank

‘record. Thus, when MESHMAKER/XYZ is used, there will be two
‘blank records at the end of the. correspondmg input data block.

MINC processmg for fractured medra

MINC

invokes’ postprocessing of a primary porous ,‘t'nediurn mesh from file

- MESH. The input formats in data block MINC are identical to those of

o . the GMINC program (Pruess, 1983a), with two enhancements: there
. -is an additional facility for specifying global matrix-matrix connec-

PART

tions (‘‘dual permeability’); further, only ‘‘active’’ elements will be
subjected to MINC-processing, the remainder of the MESH remaining
unaltered as porous medlum gnd blocks. See Appendlx C for further
discussion. :

is the first keyword following ‘MINC’; it introduces information on
the nature of fracture distributions and matrix-matrix connections.

Format(2AS5, 5X, AS)
‘PART, TYPE, DUAL

‘PART’ identifier of data block w1th partmomng parameters for

secondary mesh.

TYPE a ﬁve-character word for selectlng one of the six different

proximity functions provided in MINC.

ONE-D: a set of plane parallel 1nﬁnite fractures with matrix
block thickness between nelghbonng fractures
equal to PAR(1).

TWO-D: two sets of plane parallel infinite fractures, wrth
arbitrary ‘angle between them. Matrix block thick-
ness is PAR(1) for the first set, and PAR(2) for the
second set. If PAR(2) is not specified explicitly, it

.~ will be set equal to PAR(1). -

THRED: three sets of plane parallel infinite fractures at

- ~right angles, with matrix -block dimensions of
PAR(1), PAR(2), and PAR(3), respectively. If
PAR(2) and/or PAR(3) are not explicitly specified,
they will be set equal to PAR(1) and/or PAR(Z),
respectively.
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: ajSTANA -Average proximity function for rock loading of

-Stanford large reservoir model (Lam ez al., 1988).

o STANB proximity function for the five bottom layers of

Stanford large reservoir model

- STANT proxlmlty function for top layer °f Sta“ford large

Note:

reservoir model.

a user wishing to employ a dlﬂerent proxumty funcuon than
provided in MINC needs to replace the functlon subprogram
PROX(x) with a routine of the form: -

- FUNCTION PROX(x)

. APROX (anthmetlc express1on in x)

.......

It is necessary that PROX(x) is deﬁned even when X exceeds the maximum possible
distance from the fractures, and that PROX = 1 in this case. Also, when the user supplies
his/her own proximity function subprogram, the parameter TYPE has to be chosen equal
to ‘ONE-D,’ ‘TWO-D,’ or ‘THRED,’ depending on the dimensionality of the proximity
function. This will assure proper definition of innermost nodal distance (Pruess, 1983a).

DUAL

Record PART.1

a five-character word for selecting the treatment of global matrix-
matrix flow.

blank:

(default) global flow occurs only through the fracture con-
tinuum, whlle rock matrix and fractures interact locally by
means of ‘‘interporosity’’ flow (“double—poros1ty
model).

‘MMVER’: global matrix-matrix flow is pertmtted only in the vertical;

otherwise like the double-porosity model; for internal
consistency this choice should only be made for flow sys-
tems with one or two predominantly vertical fracture sets.

‘MMALL’: global matrix-matrix flow in all directions; for internal

consistency only two continua, representing matrix and
fractures, should be specified (‘‘dual-permeability’’). ‘

Format (213, A4, 7E10.4)

- J,NVOL, WHERE, (PAR(), I=1,7)

J = total number of multiple interacting continua (J < 36).

NVOL

total number of explicitly provided volume fractions
(NVOL < J). If NVOL < J, the volume fractions with
indices NVOL+1, ..., J will be internally generated; all
being equal and chosen such as to yield proper normaliza-
tion to 1.




. 'WHERE

PAR(D,

Record PART.2.1, 2. 2 etc.
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specifies whether the sequentially specified volume frac-
‘tions begin with the fractures (WHERE = ‘OUT ’ ) or in
the interior of the matrix blocks (WHERE = ‘IN °).

I=1,7 holds parameters for fracture spacing (see above).

Fonnat (8E10 4)
(VOL(),I=1, NVOL)

VOL(I)

volume fracuon (between 0 and 1) of continuum with index
T (for WHERE = ‘OUT ’) or index J+1-I (for WHERE =
‘IN ’). NVOL volume fractions will be read. For WHERE
=‘OUT ,’ I = 1 is the fracture continuum, I =2 is the matrix
continuum closest to the fractures, I = 3 is the matrix contin-
uum adjacent to I=2, etc. The sum of all volume fractlons
must not exceed 1. S



. Sample Problems

- 7.1 Problem No.'1 — Code Demonstration and Comparison with TOUGH

B

This problem is identical to sample problem 1 from the TOUGH User’s Guide, and

can serve as a check on proper installation of TOUGH2 as well as for cross-referencing

~to TOUGH. It involves a number of orie-;_and two-element '§ubproblems, which are

entirely independent of each other (no flow connections between subproblems), except
that being run together they all must go through the same sequehoe_jof tirhe steps. The
sub-problems perform flow and/or injection and withdrawal of water, au', and heat, with
highly non-linear phase' and component (dis-)appearances that engage some subtle
numerical procedures. A more detailed description is ‘available in the "TOUGH User’s
Guide. The input file for running with the EOS3 fiuid properties module is almost com-
pletely identical to that of TOUGH sample prohlem 1, with a few 'M()!P-parameters (first
record in data block PARAM) set diﬁerentl); ..hecause of diifereni defaults in TOUGH2
(see Fig. 8). The differences are: MOP(14) = 2, to suppress new matrix decomposition
when the linear equation eolver MA28 encouh;eifs a small pivot; MOI;(17) = 7,to apply a
scaling to the linear equation matrix; MOP(18) = 1, to compute fluid densiﬁes vat gnd
block interfaces by aVefaging; and MOP(19)€A= 1, to permit iniiihﬁiétion of the EOS3
module with TOUGH-style pnmary vanables of (P T,X) for smgle phase, (P S,T) for

two-phase

Figure 9 gives some printed o{:ﬁ:iit. The reé{ilts are virtually identical o TdUGH ?as
they should be. Minor dxiferences occur m the maximum res1duals durmg the 1terat10n
process. These res1duals, belng computed as { left hand s1de} {right hand side} of the
governing balance equanons (see Eq. B. 6) 1nvolve severe numencal cancellatlons and
therefore constitute a very sensitive check on the numencs Time step 2° also produces
results closely ldentlcal to those of TOUGH (not shown), but subsequently ‘TOUGH2

takes different time steps because of different default settings. -
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#SAM1e CODE DEMONSTRATION: PHASE TRANSITIONS, COMPONENT (DIS-)APPEARANCES
THIS INPUT FILE IS SLIGHTLY DIFFERENT FROM THAT FOR SAMPLE PROBLEM 1
OF TOUGH. THESE COMMENTS ARE INSERTED TO NOTE THE DIFFERENCES. KEYWORDS
ARE FOLLOWED BY A COLUMN COUNTER TO FACILITATE PROPER ALIGNMENT OF DATA.
A FEW MOP-OPTIONS ARE SET DIFFERENTLY (SEE SECTION 7.1 IN TOUGH2 GUIDE)

mM M M om Mmoo

ROCKS--—-1-mm-#==—=2o=-=f-—m=Bom-b-emmfmmmmtmm==Bommmhmmmm Gmmmmtmmm T 8
TRANS - 2650, .5@ 1.E-14 2.10 1000
SHOME 2 2660. .60 l.E-l: 2.1¢ . 1000,
1.8 . :
3 .40 .18
1 1.E6 .2 1.
L LR e R e Bt el et & et St elaietal Dol Debdelel Dl T ey B
PARAM PR 2 L b D O " ISP, SR S
2 4 1100036105@50@200711
- - =1, F 1, -
“1.E2 8. E3 - SRR g
 45.E5 -, . - .B. N 250.
RPCAP----I---—t----2--b¢#-—-—3----'--——4-éb-t--—-Sé-—-t—--—64-4—t----7—---0---—8
3 .30 .05
OIS FR R Y , . i , , ;
5 (7] F2R0NE POCNUESSNLIY MSRRELIY. RULIE SIS SOEPPOLIC I - SOMEECIE SNSRI S -
1 3 2.E3
- R 1-E3 S 3 3 ° - N
"ELEME===clercatenrccecccfomnnBmmcntrnccducccgemecborcctgonccfomcctmcccTonmcgauang
F 1 9 1TRANS 10.
SHO 1... .9 , -1SHOME 10. -
SHO11 1 1SHOME 1.E4
. CONNE | ] e e e L et By R R el DELEY - <% 7 .-
F 1F 2 1 6. 5. 1.
F 3 4 1 _ 6. 6. 1.
~F.: BF. -8 1 6. 6. 1.
INCON--—-1---—&----2-—-—t--—-3----t----4--—-a--—-5---—t----G---—c----7----t--~-8
. ‘1 .
1.E5 20.
2
g 1.E6 178. - 0.
1.E5 .01 $9.5
4 B
99.E5 .999 310.
13 :
1.E6 190. Q.
6
, 10.E6 100. 1.
1.E5 20. e.
"9' 1.E7 300. 2.
. , 1.E5 .99 90.
F 10
49 .ES 280. .
SHO11
50.E5 240.
SHO12
o : 40.Eb E 188.
GENER---—I--—-*----Z----c----3----t----4----t----5----.----6--——-t----?—-——t--—-e
F  7AIR AIR 6.E-3 9.882E4 FO
F  BWEL MASS -1.6E-2
F  SHOT HEAT 2.E8
F 1eCO0L HEAT -5.ES ;
‘SHO 1P 1 MASS1 T-l, 1.6
SHO 2P 2 FUNY -1.
SHO 3P 3 -2 1 1 4 MASS .
. B, 1.E2 2.E2 4.E3
-2.1 -8.2 -2.3 -1.1
SHoeP . 6 2 1 @ - 4 MASS1 _
: <o 2. 1.E 2.2 4.€3
-2.1 -6.2 -0.3 -1.1
- .. 1.E8 2.E 3.E6 - 0 1.1E7
""SHO SP " ‘¢ - 1 DELYV 1.€-12 1.E8
SHO12P 1@ 4 WATEL
e A 1.E2 2.E2 3.E3
T 1.1 1.0 8.9 0.1
1.E6 1.2E6 1.4E6 3.0E6
~ SHO11WELO®: - 2 DELV . " 1,E-12 SR ~1,E2
* SHO12WEL@Q DELV 2.E-12 1.E8 1.E2
ENDCY-nmmlomcntocncucecpoennerentrencdeccatmccebeccatonncBonccgoeacTeenip-cuaB

Figure 8. TOUGH?2 input file for sample problem 1 — code demonstration.
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tessernesse VOLUNE~ AND MASS-BALANCES iiiiiiiii;fic(iit#i;liciiiiifi|}i|¢|iiii||l;!¢¢iciliieliitcl!e:ii&iili:f!tt«iiiiiitfﬁif!fsge
seisrsbaay [KCYC, 1TERT = 0,01 seeds ST ©UTHE TINE IS O, SECONDS, ® 0. DAYS

PHAGE VOLUMES IN PLACE - 5.0 == 5 o i
G5 0.475S0ent2 HfIS; LIQUID 0.10050e+05 Nee3

NASS IN PLACE AR :

GHS 0126500 KBy LIGUID O.BOISSeN0T KE; | IR 0.5SS9et03 KGj . VAPOR. O.B4S6es03 KEy . LIQUID WATER 0.891950407 K6

!ili“l’illililllllH"H“l“ll!"lll"l"lH“llﬂ!l"“!ll{lﬂlllH!llllll‘llilllll’l!l!ll'l"l'l'll"HllllHllilll'il"lﬂ'l'"iil'iﬂ

...ITERATINB... AT { l, ll - DELTEX s 0 100000e003 ﬂAX. RES, = 0. 393471:001 At ELEHEHT SHO 9 EGUATION 2

$555865884498 LIQUID PHASE EVOLVES AT ELENENT #F  1¢  $$84¢ PS = 0,120359e+05 - PSAT = 0.23378%e+04 . EEEIE
$$5558585485588S GAS PHASE EVOLVES AT ELENENT #F  S¢ $8§88  XAIR = 0,679569e-03  PK = 0.240509e+07 95 = 0.4330132*07
$54855555485448% GAS PHASE EVOLVES AT ELEMENT oF  7¢ 48688  IAIR = 0.100168e-03 ~ PX = 0.320893e+06 PG = 0.625505e+04

oo ITERATING.., AT {1, 2) === DELTEX = 0.100000e¢03 MAY. RES, = 0.B53043c+00 AT ELEMENT SHD 9 EQUATION * 2

++ o ITERATING..., AT ( 1, 3} --- DELTEX = 0.100000e¢03  MAX. RES, = 0.803526e-02 AT ELEMENT SHO 9 EQUATION 2

F oAl 1y #) ST = 0,1000000403 DT. = 0,100000e+03 DX1= 0,234570e+04 DX2= 0,999993e+01 T £ 20,006 P = 102347.-S = 0.999928e+00

liSAHQQ/CQDE DENONSTRATION: : PHASE TRANSITIONG, COMPONENT -(DIS-JAPPEARANCES. . - . .-~
DUTPUT DATA AFIEE 1 1, 4)-2-71!5 STEPS . o - CP e e - THE TINE IS - 0.115742-02 DAYS
OQEEQQQQEEBQEEE!!!EE!EE!EEQQE!EEECQ!EGE@EGQE@GEE@!EEEEEGEEE@EEQGEQ@EEEEEEQQE@QEQEGQQ!EEQE&!EECQQEQEE!!GE!E!EQ!EQEGEEEEEEEQEEQEQQE!!!

TDIAL TIME KCYB ITER ITERE KON DX!H Dx2% »D!SH HA!. RES. NER  KER DELTEX
0,10000e¢03 b o4 4 T2 :0,18435e+07: 0.10000e+02 '0,148582+02 .0.11514e-05 19 2. - 0.10000e+03

OteeeeeepeRceeereeepeecariepieiecRreeeReparectecReceetreperpRapiracepcRarepeetpeRaReptpERRORRRRRRECRRARERECRRERECRRRRRRRRRRRRRRRRREE

OELEM, INDEX P T . 86 . Sl _ XAIRG  XAIRL PSAT PCAP R o
T PRY ey e COUUT(RAY - (RR) (KG/MEE3)  (KB/Hex3)

F UL U1 0,102352406 0.20006e402 0,999936400 0.71501e-04 0.985650400 0.16076e-04 0.23375e+08 0. © . 0.120550¢01 0.99832e+03
F 2 20.84410e405 0.16999e+03 0, 0.10000e+03 0. 0. 0791792406 0. 0. 0.89734e+03
F o3 30,105700404 0.99551e+02 0,45930e-03 €.979934e+00 :0.84764e-01 0.93950e-05 0998562405 0. - . 0.44424e+00 0.95842e403
F &  40,989610+07 0.309902+03 0.99927e+00 0.73379e-03 0.32622e-02 0.47952e-05 0.98562e+07 0, 0,54629e+02 0,69093e+03
F 5 50.2643%407 0.10005e+03 0,3743ke-03 0.97963e+00 0,97540e+00 0.40887¢~03 0,10152e406 0. ., 0,24341¢+02 095931403
F b6 &0.99556e407 0.999842+02 0,10000e+01 0,  0.10000e¢01 0. 0.10127e405 0. ° 0.52941e+02 0.

F 7 70,61923e406 0.20005e+02 0,13611e-03 0.99984e+00 0.99765¢400 0.99159¢-04 0.23373e404 0, 0.73457e+01 0,99854e403
F o8008 0,98110e407 0,299952403.0, i .-0,10000e401 0, *° -0, U o 0.8585%e407-0. ¢ o 0. 0.71508e+03
F 9 9 0,15045e¢06 0.10445e+03 0,959017e+00 0.98254e~02 0. 29149e+oo 0.49979¢-05 0.11936e+06 0, 0.98336e+00 0.95473e+03
F 10 0,39597e+07 0.276282403 0100000401 0, - - . 0y - - 00 o -0.606742407 0, .- | 0,18037e+02 0,

SHO l "1 0.448732+07 0.25017e+03 0,52552e+00 0-474489*00 0.141922400 0.80067e-04 0.39892e+07 -.65690e+05 0.23360e+02 0.79951+03
SHO 2. 12 0.45000e+07-0.250002+03 0.500002+00 0,50000e+00 0,14823e+00 0.83971e~04 0.39776e+07 ~.62500e¢05 0.23463e+02 0.79979e+03
SHO 3 13 0.43239e+07 0.24902e403 0,50401e+00 0.495992400 0.12258e+400 0.64147e-04 0.39124e+07 -,63001e+05 0,22393e+02 0.80110e+03
SHO 4 14 0,43239e+07 0.24902¢+403 0,50401e+00 0,49597e+00 0,122582+400 0.46147e-04 0391242407 -.530012+05 0,22393e+02 0,80110e+03
SHO 5+ 15 0.43239e+07 0,24902¢+4030,50801e+00 ‘0.49599e+00 0122580400 0.66147¢-04 0391242407 ~.63001e+05 0,22393e402 0.80110e+03
SHO & 16 0,44764+07 0.24971e403 0504052400 0.49595e+00 0.14789e+00 0.83275e-04 0.39583e+07 -,43006e+05 0,23334e+02 0.80021e+03
SHO 7. 17:0.447642407 0.24971e+03 0.504052400 0,49395e+00 0.14769¢+00 0,63275¢-04 0.39583e+07 ~,63006e+05. 0.23335e+02 0.80021e+03
SHO 8 18 0.44764e+07 0,24971e+03 0.50405e400 0.495952+00 0,14789e+400 0.83275e-04 0,39583e+07 ~,53006e+05 0,23335e+02 0.80021e+03
SHO 9., 19.0.32791e+07 -0, 23713403 0,550682+00 0.44932e400,0.39998e-01 .0.15625e-04 0.31819e+07 ~.488342¢05 0,163882+02 0,81772e+03
SHOT0 20 0.45462e+07 0.25026e+¢03 0,47289¢400 0.527112400 0.15455¢+00 0.88436e-04 0,39948e+07 -, 591110405 0,23743e+02 0.79945e+03
SHOLL - 21 0.43429e+07 0.23994e403 0. 0 0.10000et01 0.7 0.. ] 0.33441e407 0. 0 10.81498e403
SHO12 - 22 0.32957e+07-0.99971e402 0.~ 0,10000e+01 0. -~ T 0.7 7 0.10122e406 0. * 0, © 0.93968e+03

0688E88REERRRARERRRERARERRERRIREEIRARARARIRARRAREORORRERIEOERRICAREEREREAP0RRRERERREERRRRRREEENRRBRERERNREEARERERERRRERRERRRRREE

Figure 9. Selected output for problem 1.
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7.2 Problem No. 2 7-~Heat Pipe in Cylindri*calvGeometry

Heat pipes are systems in which an efficient heat transfer takes place by means of a
liquid-vapor counterflow process, with vaporization and condensation occurring at the
hot and cold ends, respectively. Heat pipe processes occur naturally; ona large: scale
- (kilometers) in two-phase geothermal reservoirs, and they may be induced artificially if
| heat-generatmg nuclear waste packages are emplaced above the water table in partlally

) saturated geologlc formatlons

The present problem models such high- level nuclear waste emplacement in an
approxunate way The TOUGH2 1nput ﬁle for use: w1th the EOS3 fluid property module
is shown in Fig. 10. It specifies a cylindrical heater of 0.3 m radius and 4.5 m height, that

_ provides a constant output of 3 kW into a porous medium with uniform initial conditions
of 18°C temperature, 1 bar pressure, and 20% gas saturation. The MESHMAKER
module is used to generate a one-dimensional radial grid of 120 active elements extend-’
ing to a radius of 10,000 m (practically infinite for the time scales of interest here), with
~ an additional inactive element of zero volume representing constant boundary conditions.
. Properly speaking, the problem represents one unit of an infinite linear string of identical
heaters; ifa sing}e heater were to be modeled; important end effects would occur at the

top and bottom, and a tWo—dimensional R-Z grid would have to be used.

Most of the formation parameters are 1dent1ca1 to data used in previous modeling
studles of hlgh-level nuclear waste emplacement at Yucca Mountam (Pruess et al., 1990).
 Aswe do not include fracture effects in the present s1mu1anon, heat pxpe effects would be
very ‘weak at the low rock matnx permeabllmes (of order 1 rmcrodarcy) encountered at
7 Yucca Mountain. To get a more mteresung behavror we have arbxtranly mcreased abso-' "
| , ylute permeabllxty by somethmg like a factor 10,000, to 20 mlllldarcy,and for consistency
have reduced capillary pressures by a factor (1()“,000)'/2 = 100 in COmpazison"te typical

Yucca Mountain data.
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" "eRHPs 1-D RADIAL ‘HEAT PIPE

MESHMAKER1----.----2----.-—--3----.----4---------s----.----s----.----v----.----s

.-RZ20 . -
" RADII
1
G e e ke e e T
EQUID .
E 1 S ’ '3 . . - N N R
‘LOGAR . SR
99 1.E2
LOGAR .
20 .7 1.E4
EQUID
0.0
LAYER---—I~---t----2----t-—--3-»--t----4---—t»---E----t-—--S----t--——7-~--t--—-8
1
S 1Y : ¥
ROCKS~===1-c-cgpemec-Pecn= L -l Ry L b L T B P Y SRy ATy T LT ]
POMED 2650 .10 20.E- 15,; 20.E-15:; 20,E-165 2.6 . 800.8
srARr-—--1----a----2----.----3----.----4----.----5----.----e----.----7----.----e
PARAM=——-1--—-gmm=m P IR SRRSOy S GRS - RPRID I SIIIPOIIOIS SR -
2 260 26000003000000002 47 1
3.16576E8 -1.
1.€3 9.E3 = 9.E4 4.E6
1.E-6 1.E00 1.€-7
1.€6 0.20 18.
(17T 1 TS R SIS JUSPRIPYII SR JRPISSI TUSSERT R, PRASIITY
7 o as008 | 9.6E-4
7 ' ©.45000  1.6E-3 . 8.0E-05 5.E8 1.
TIMES----1---—(———-2*---‘----3-3-~#Of—-4----#-—--5---—*--**6--—-‘----7-°--t—-—-s
3. 15576E7 1.2659E8 3.15676ES8 :
INCON----]----c~---2-~--t—---3----o----4---—t-——-S---—t---—e-—v-‘---—7----0----8
GENER----I----:----Z—---t—---3---~t-—--4----p----s--fetf---6~—--t--~-7—---4—---8
Al 1HTR 1 HEAT, = 3.E3 , -
ENDCY---11f--—.--—-2-—-f--r-ra-——;-----4----&----s---w----ﬁ--—-t----?-—-—*-—--8

'Figure 10.- Input ﬁle for problem 2 -- heat .I;ipe in cylindn'cal geometry. .

'v-;l'he reason for choosing a constant rate of heat gerieration rather than accounting
for the natural decline of high-level wastes is that thxs way the heat pipe problem admits
a seml-analytlcal solutlon in terms of the smnlanty variable r/(t)y2 (O’Sullivan, 1981;
Doughty and Pruess, 1990) Under the stated condmons, the partlal dlﬂ‘erentlal equatrons
for this complex transrent two-phase flow problem can be transformed into a set of ordi-
nary drfferennal equations in the variable r/(t) whlch can be easily solved to any degree

of accuracy desired by means of one-dimensional numerical integration. Comparison

with the similarity, solution affords a rather comprehensive code verification, s all of the

non-linearities of two-phase flow behavior (relative permeability and capillary pressure)

and of fluid and heat flow coupling are rigorously described by the similarity solution.
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Figure 11 shows profiles of temperature, gas phase pressure, liquid saturation, and
air mass fractlon as a function of z = log[r/(t)A] The dotted line labeled “coarse mesh”
represents the condmons obtamed from TOUGH2 w1th the input file of Fig. 10 after ten
years (3.15576 x 10° sec). In order to examine space discretization effects, two additional
runs were made, labeled ‘‘medium mesh’ and *‘fine mesh,”” respectively. The MESH-
MAKER input data for these runs are shown in Fig. 12; otherwise.the input file was the
same as in Fig. 10 (except for unimportant differences in printout times). Figure 13 eom-
pares the ﬁne mesh results (points) with the exact s1m11anty solutlon as calculated by C.

Doughty (Doughty and Pruess, 1991) The agreement is excellent.

e g 200" | , : | — .

a.
l\ Xg 7
160 I\ | " 8
a- \\T s/ | — 08 -

? o N | | &8
8 o 120 \ | MESH 106 § 9
o ,| 2 i : ~mmmee COAISEe 3&
= s N medium $§
o g fine 104 B E
o I H o | -

- aof il \\ {0.2

10 -9 -8 -7 -6 -5 _ -4
Z =log (1)

AR

XBL 904-5833

Figure 11. -Profiles of temperature, pressure, liquid saturation, and air mass fractlon for
problem 2 , : ,
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MESHMAKER1——~~#==me2=em-gmem=dmnmctmam—d=ro—to-c-BeomekenenBorectmmmeleorng=mnnB
RZ2D
RADII

3 . o
6. 7 .3 L4
'LOGAR ; :
99 : 1.E2
LOGAR '
1.E4 o
r EQUID S e B o
R gg ‘ ‘ : .
LAYER----r--------—z----.----3----.-—--4----- [ RUSPLY TR, BRSSPI -
01 . L
B D T B | S LS TLERSTAERS PRy SEEETEEE

v
Fn : PR A H
hod . A

1*MESHMAKER1----.----2----.----3----.----4----.----s---—.----s----.----7---------8
< RZ2D ;

"RADII
2
g, - W3 e e
EQUID - . s s
6 .2 B :
EQUID
70 .03
LOGAR s
10 10 r
1.OGAR ; o . -
10 1.E2 rot
LOGAR - b
1 1.E4
EQUID
1 6.0 P :
LAYER=—=-l--engonar2omentomvedrerepcaccdrar—foccaBommctoccfecnatorea]~rmmrt=-a==8
r’l':a, .
4.6
—--—1—~—-‘-—0-2----O——v—3--—-‘-—~-4----l—*—-5----‘--~-6—~--‘---—7—°~—t---—8

sy

Frgure 12. MESI—IMAKER mput for ﬁncr gnddmg in problem 2.

3 [EEEE Y S SR SRS R P EPREL B ORI LEL E IDE RS

Flgure 14 reproduces thc summary ‘of program units used in sample problem 2, as
prmted at the end of the output file. Besxdcs documentmg the’ versrons and datcs of sub-~
routines, this hstmg is mstrucuve as a record of the calling sequence of program units
during execution. ' |

The input file as shown in Fig. 10 cun also be ekeouted with rho EO0S4 fluid property

module, which includes vapor pressure lowering effects. Part of the output generated
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4 200 T T T = 1
- _
Xg . )
- {08
31 . . 160« 'T., Sﬂ o S ,
— - ’ - L
0 L . coo=TOUGH2 | &8
S o 1201 similarity %€ E &
o 24 £ ! solution - Ea
? ) 1 | | - @
a2 g s {0 - 04 SE
o @ LA | 23
14 ' \ T —= 1
“or < \ | {02
0 - 0 _ ala j= ! L L 1 | 0
10 -9 -8 -7 -6 -5 -4
- Z=log (r/Vt)
7 ‘ XBL 804-5834

Figure 13. Comparison of TOUGH2 results with similarity solution.

when running with EOS4 is shown in Fig. 15; this can serve as a benchmarking reference
for the EOS4 module. The results are actually quite similar to those obtained with EOS3,
' except that because of very strong vap_o.r_prcss‘ure‘ Iowgring effects, drying-out near the

heater is slowed.
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R R R R R R R R R R R AR R R A R R AR R R R R R R S A R R R R R R LR R R R LA L AR S R HHEH R R RS

14 : ]
T Syl o e GUMMARY. OF PROGRAM UNITS USED . .. . .. - : : S ]
] ]

. !il!ili|lIi{!llilllli[!lg}ii!ii!il!li}l!!ilil!0!!}!l(iQl!ilil!l!illlli(l!li!!lIllIli!ll!lIifilQliliilll!ililillll!lllillllilliiilli

UNIT  VERSION  DATE COMMENTS

10 Lo ISARIL UM OPEK FILES WERSH, eNESH, nucom. sschs, -snva-, SLINEQS, AND #TABLE®
SR 1.0 ZWRCK 1990 NAIN PROGRAN
e Lo n hmfu 1T mn A am PROVIDED manusu rn.s HINPUTS

24 ﬂAY : 1990 "EXECUTIVE ROUI’INE FUR INTERNAL UESH BENERATION

HESHH 1.0
R L0, 9 APRIL 1991 CALCULATE 2-D R-I MESH FRON ANPUT.DATA
WR120 1.0 26 MARCK 1991 . -KRITE DATA FOR 2-D R-I.MESH ON FILE #MESHE .
< PRI2D - J.0: . 27 WARCH: .. 1991 - . NAKE STRUCTURED PRINTOUT OF 2~ R-I NESH . -°
FLOP 1.0 11 APRIL -, 1991 . . CALCULATE NUMBER.QF SIGNIFICANT DIGITE FOR FLUAT!UE PUHIT ﬁRlTHHETIC .
1.0

RFILE 23 APRIL -

U991 ITTIALLZE DATA FRON FILES #ESHS CR SHINCH, GGENERS, WD aDNCOH
BT B I nARcu;fj} 1991 «.Exzcunvs nnume FOR NERCHING IN nuE ‘ ’

RS 2 NARCH - 1991 . eEDS3t ... THERMOPHYSICAL PROPERTIES. NODILE FOR NATER/AIR

o L0 :
. GAT. 0.0 22 JANUARV; 1990 - - BTEAM TRBLE EQUATION: SATURATION PRESSURE AS FUNCTION OF- TEHPERATURE :
CONT Lo 2 JANUARY, 1990 - .- LIQUID WATER DENSITY AND INT, ENERGY AS FUNCTION OF TEMPERATURE: AND PRESSURE
. SUPST - 1.0 . 29 JANUARY.. 1990.. . VAPOR DENSITY AND INTERNAL ENERGY AS FUNCTION OF TENPERATURE AND PRESSURE
SVISH . . 1.0 - 22 JANUARY.. 1990 .. . VISCOSITY OF LICUID.WATER AS -FUNCTION OF TENPERATURE AND. PRESSURE
LVISCo. L0 1 FEBRUARY. 1990 - - CALCULATE VISCOSITY OF VAPOR-AIR MIXTURES - -
B < COVIS. . $.0:+ 1 FEBRUARY: 1990 .. . COEFFICIENT FOR €AS PHASE VISCOSITY. CALCULATION .. -
VISS . - 1,0 . 22 JANUARY.; 1990 - VISCOSITY OF VAPOR AS FUNCTION OF TEMPERATURE AND PRESSURE
~RELP - 1@ .o W JANUARY 1930 . -LIQUID AND 6AS PHASE RELATIVE PERNEABILITIES AS FUNCTIONS OF SATURATIOU
PCAP . . 1.0 - A NARCH . - 1991 CAPILLARV PRESSURE AS FUNCTION UF SATURATWN SR
10 -, 3 WARCH 1998 ... PERFURH SUPU‘IARY BALANCES FUR VULUHE, HASS, AND ENERSY : e
1.0:-: 4 MARCH ... 1991 .. ‘,ADJUST TINE STEPS 10 COWCIUE HITH USER-UEFIUEU TARGET- T!UES i
£.0..0. 30 UARCH 1991‘ ASSEHBLE ﬂLL GCCUHULMJUN I\ND FLUH TERHS ;
0 11 JUCER . JANUARV 1990 . ASSEMBLE ALL SOURCE AND SINK YERMS - ;
l-.Q 22 JANUARY 1990 .. - INTERFACE FOR.THE LINEAR EQUATION SULVER HAZB
. - .- HARMELL SUBROUTINE FOR SCALING MATRIX - - . S T
CUNVER 10 4 UARCH 1991; - UPDATE PRIMARY. VARIABLES AFTER CONVERBENCE 1§ ACUIEVED e
PP ~ 1.0 1 FEBRUARY 1990 - SALCULATE VAPGR PRESSURE, UENSIIY, INT, EMERBY AS F (P.T LY

R S T SRRy : S S DR T T S S R R -

UUT 1.0 5 NARCH .' 1991 'PRINT RESULTS FUR ELEKENTS, CUNNECTIUNS, AND SINKS/SUURCES o
WRIFL. - 1.0 22 JANUARY 1990 AT THE COMPLETION OF A TOUGHZ RUN, WRITE PRIMARY VARIABLES ON FILE #SAVE®

illllli!lllli!llli!!ili!liiilill!lil!lll!I!!lliil!lIlll!l!lllllEllllll!llllilIllllllillllllllllilUlllilll!!IIlllllll!li'l!llil‘lili

Figure 14. " Calling sequenc;ﬁ of program units in problém 2.
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feereeeerss VOLUME- AND MASS-BALANCES R R R R R R R R R R R E R R SR E R E R L RS R R RSN E R LR AN
srreeeares (KCYC,ITER] = [ 0,7 01 wreme ~ 7 ' THE TIME IS 0. * SECONDS, OR 0. T DAYS

PHASE VOLUMES IN PLACE
- GAS . 0,282742+08; . LIQUID 0.11310e+09

MASS IN PLACE : ' '
6AS 0,33561et08; LIGUID 0.112952*!2; AIR 0.349059*08, VAPOR 0.43437!*06, LlQUlD WATER 0. 11295e+12

l{il*liililllIllil!lllliliil!ll!Illlllili!lilIlllllilll*lliIlllIII}ii!lillfli'l!*lillliiiliiili*ilfllﬁlil!li!iillillii!l!liillliii

A1 1t 1, 3) ST = 0.100000e+04 DT = 0.100000e+04 DX1= 0,145786e+02 DX2= - 156853e-03 T = 19,065 P = 100015, § = 0,199843e+00
AL 102, 4) ST = 0.100000e+05 DT = 0.900000e+04 DX1= 0,744526e+01 DX2= =,128979¢-02 T = 27,244 P = 100022, § = 0.198553e+00
AT 103, &) ST = 0,100000e+06 DT = 0,900000e+05 DXi= 0,980597e+01 DX2= <,352032e-02 T = 63,142 P = 100032, § = 0.195033e+00
MATRIX NUMERICALLY SINGULAR PERFORN NEW DECONPOSITION i

At 10 4, B) 5T = 0.5000000406 DT = 0, 4000002#06 D¥i= 0.45575%e+04 DR2= 0,117922e+00 T = 100,885 P= 104590, § = 0,312955e400
AL 105, 6)§T=0, 500000405 0= 0.4000000+06 DXi= 0,130323e+05 DX2= 0.228709e400 T = 104,237 £ = 117622, § = 0,541684e400
AL 1( 6, 5) 5T ='0,130000e407 DT = 0,400000e+06 DXi= 0,612547e+04 DX2= 0.670902¢-01 T'= 105,704 P = 123748, § = 0, 4087550400
AL 10 7, &) ST = 0.170000e+07 BT = 0.400000e+06 DX1= 0.427328e+04 DX2= 0.345346e-01 T = 106,692 P = 120022, § = 0.443269e400
af 20 B, 7) ST = 0,250000e+07 DT = 0.B00000e+04 DX1= 0.210099e+04 DX2= 0.573465e-01-T = 100,223 P = - 102141, § = 0,242792e+00
At 10 9, 3) ST = 0.330000e+07 DT = 0.800000e+06 DXi= 0.504930e+04 DX2= 0.720171e-01 T = 109.160 P = 139207, § = 0,7643302+00
A1 10 10, 5) ST = 0,410000e+07 DT = 0,800000e+06 DX1= 0,335713e+04 DX2= 0,523432e-01 T = 109,872 P = ~ 142564, § = 0.816673e+00
Al 20 11, 4)-ST = 0,490000e+07 BT = 0,800000e+0b DXi= 0.297170e+04 DX2= 0.479475e-01 T = 103,475 P = 114541, § = 0,4984402400
Al 3012, 7) ST'= 0,650000e407 DT = 0,150000e+07 DX1= 0.1731442404 DX2= 0.486149e-01 T = 100,123 P = 101772, § = 0,229192e+00
Al 10 13, "6} §T = 0.810000e407 DT = 0,150000e+07 DXi= 0,357581e+04 DX2= 0.4300842-01 T = 112,063 P = 153039 § = 09494142400
A 10 14, &) 5T = 0,970000e+07 DT = 0.160000e+07 DXi= 0,250115e+04 DX2= 0,232400e-01 T = 112,672 P = 155630, § = 0.9726542+400
Al 1( 15, &) ST = 0,113000e+08 DT = 0.160000e407 DX1= 0.208588e+04 DX2= 0.120253e-01 T = 113,286 P = 157716, § = 0.984679e+00
A 10 16, 6) ST = 0,129000e408 DT = 0,160000e+07 DX1= 0,195398e+04 DX2= 0,805740e~02 T = 114,363 P = 159670, § = 0,992737e400
At 10 17, @) 8T = 0,145000e+08 DT = 0.160000e+07 DXi= 0, 9200619*03 DX2= 0,375059%e-02 T = 116.820 P = 160590, § = 0,996487e+00
Al 1 1B, B) ST.= 0,161000e+08 DT = 0,1460000e+07 DX1= ~,107512e+04 DX2= 0.143879%e~02 T = 122.868 P =  159515. § = 0.997926e+00
Al 10 19, 81 87 = 0.177000e+08 0T = 0.160000e+07 BXix -.4430192+04 DX2= 0.522534e-03 T = {34,409 P = 155085, S = 0,998449+00
A1 10 20, 7) ST = 0,193000e+08 DT = 0,160000e+07 DXfs -.711043e+04 DX2= 0,188214e-03 T = 148,170 P = 147974, S = 0.998637e+00
At 1421, 4) ST = 0,209000e+08 OT = 0.160000e+07 DXis -;659648e+04 DX2= 0.737170e-04 T = 159.229 P = 141376, § = 0.998711e+00
Al 10 22, 5) ST = 0,2250000408 DT = 0.160000e+07 DRi='-, 978681403 DX2= 0,150070e-04 T = 162,564 P = 140379, § = 0,998726e+00
Al 20 23, 5) ST = 0.241000e¢08 DT = 0.150000e+07 DX1= 0.112064e+04 DX2= 0.133116e-01 T = 109.770 P = 141134, § = 0,975460e400
At 20 24, 5) ST = 0,257000e+08 DT = 0,1500000407 DXi= 0,924703e+03 DX2= 0.865090e-02 T = 110,127 P = 142061, § = 0,984111e+00
AL 10 25, 6) ST = 0.273000e408 DT = 0,140000e+07 DXi= 0.751429e+03 DX2= 0,965991e~06 T = 184.185 P = 142824, § = 0.998729e+00
Al 20 26, &) ST = 0.289000e+08 DT = 0,150000e+07 DXl= 0.578302e+03 DX2= 0.350226e-02 T = 111, 209 P = 143404, § = 0993189400
Al 20 27, & ST = 0.305000e+08 DT = 0.150000e¢07 DX1= 0.318358e+03 DX2= 0.253778e-02 T = 112,510 P = 143722, § ='0,995726e+00
At 2( 28, 3) ST = 0,315574e+08 DT = 0.105760e+07 DX1= -,231627e+03 DX2= 0.105436e-02 T & 13.937 P = 143491, § = 0,994781e+00

l!liiiiiilll!llllllili!lllilIlillllili!Illll!ill{ﬁiill!li!lllliiii!*llll!lil!l!f!!!l!iill{lillil!ﬁlliil‘illi!l!illilllllilllill!ii

Figure 15. Selected output for problem 2 run with EOS4. -
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1 sRHPE 1-D RADIAL WEAT PIPE
OUTPUT DATA AFTER ( 28, SI-2-TE §TEPs ™" =0 F T T g 1g 0,36525e403 DAYS
00224088090880604E04E0820E0EEFE0REREREEOEREEQREREAREREERERRERORRREREREEREROEQRERARNEROERSRHERERREREREEEAREORERDERERDERIRRERRE

TOTAL TIME . KCYC . ITER ATERC ~ KON DXIN 0N oM. - RERM .. . . NER. KER - DELTEY
0.31538e+08 28 VB3 20,6869160403 0.190436e-01 0.Z63553e404 0.909948e05 T 2 10.105760ee07

OGEGEGQGBEEEEQQEEEE!EEQQEQQQEEEBé@E!EEEE!Bé!E!QéQQQE!EEEEQEEEQE!QEéiﬁ!ii!iEE!EEQGEGEEGEE@!!!E!EE!E!GE!EQE!EE!QE!Q!EQG@EEEEiEEEEQEEEE

OELEM. :INDEX © - P [ - .- T .- 86 . B oo KAIRG . SNAIRL o PRAIR. PCAP oM DL

AL i 1 0, 183492406 0,16750e403 0,998742+00 0,12594e~02-0.39765e-24 0.57648¢-29 0,35863e-19-0,30149¢+09 0,71285e+00 0,89783e+03
Al 27 2 0,14349406 0,113942¢403 0,99678e+00 0.32193e-02 0. 0. 0. -0.21872e+08 0.81859e+00 0.94765e+03
Al 3 3 0,12974e+06 0.10710e403 0,85159e+00 0.13841e400 0, 0 ... 0o -=0,14028e¢06 0.75318e+00 0,952890+03
AL &7 40,11847e406 0.104452403 0, 609442400 0.39056e+00 0,28847¢-15 0.347B0e-20 0,21637e~10-0,36757e405 0. 691870400 0,95487¢+03
AL'S 5 0,10947e405 0.10218e+03 0,41314e+00 0.58486e400 0.26427e~10 0.29414e-15 0.18299e-05-0. 19639405 0.64255¢+00 0,95654e+03
Al 6718 0.10179e+406 0,10013e403°0,22292e+00 0.77708e+00 0.26538e~05 0.27484e-10 0. 170732+00-0.10491e+05 0.40028e+00 0.95803e+03
A1 7 7.0.10004e406 0.92418e402 0.17379e400 0,82621e+00 0.31731e+00 0,364392-05 0,22669¢405-0.880792+04 0,68029e+00 0.96334e+03

]

21: B 0.10004e+04 0,84548e+02 0,17497¢400:0.82503e+00 0,54556+00 0.69191e-05 0.430442+05-0,88525e+04 0.76792e+00 0.95859¢+03
Al % 9 0.10004e+406 0,776962+02 0.17612e+00 0.82388e+00 0.57767e+00 0.91519e-05 0.56934e+05-0.88957¢+04 0.83381e+00 0,97309e+03
A1 10 10 0.100042+06 0.71563e402 0177242400 0.82274et00 0.76157e+00 0,10724e-04 0.647152403-0,89379¢+04 0.88515¢+00 0976782403
AL 11 7 11 0,100042406 0660970402 0,17833¢400 0,82167e400 0,81779+00 0,11850e-04 0.737620+05-0,89793e404 0,926302400 0,97990e+03
A1 12 12 0.10004e406 0.61193e+02 0,17941e+00 0,82039e+00 0.65716e+00 0.12698e-04 0.78997e+05-0.90200e+04 0.96008e+00 0.98254e+03
A1 13 13°0,100042+06 0,56766e+02 0.180482+00'0,81952e400 0.88570e+00 0. 133296-04 0.829210+05-0,904042408 0,98B402+00 0,984830+03
AL 14 14 0.10004e406 0.52757e+02 0.181342+00 0.818442¢00 0.90668e+00 0.13811e-04 0.85917e+05-0.910042+04 0.10125e+01 0.98678e+03
AL 15 15 0.10004e+06 0.49116e+02 0.18259400 0.81741e+00 0,92292¢+00 0.14184e-04 0,882382+05-0.91402e+04 0.10333e401 0.98547e+03
Al 16 16 0.10004e406 0.45805e+02 0.18353e+00 0.81437e+00 0.935282+00 0.14476e~04 0.900552+05-0.91798e+04 0.10515e+01 0.98992e+03
A1 17 17 0.50004e406 0.42794e+02 0.18447+00 0,81533e400 0.94493e+00 0.14707e-04 0.914942+05-0.92192e404 0.106742+01 0.991162+03
A1 18 18 0.10004e+04 0.400520+02 0,18571e+00 0.81429e+00 0.95258e+00 O.14892e-04 0.925430405-0.925842+04 0.108162¢01 0.95227e+03
A1 19 19 0.10004e406 0,37558e+02 0.18673e+00 0.81327e+00 0.95869e+00 0.13041e-04 0.93573e+05-0,929742404 0.10942e+01 0.99321e+03
AL 20 20 0.10004e+06 0.33291e+02 Q. 18775e+00 0.81225e+00 0.96342e+00 0.15163e-04 0.94327¢+05-0.93359e+04 0.11054e+01 0,97402e+03
AL 21 21 0,100042406 0,33235e402 0,16875e+00 0,811250+00 0,96763e+00 0,15262¢-04 0,949442+05-0,937392404 0,11155e401 0,994720403
A1 22 22 0.100042406 0,31374e+02 0,18973+00 0.81027e+00 0.97072e+00 0.15343e-04. 0.95452e405-0.94112e+04 0.11244e+01 0.97533e+03
A1 23 23 0.100082+06 0,29693e+02 0.19069¢+00 0,80931e+00 0.97363+00 0.15411e~04 0.95872e+05-0.94474e+04 0.11325e+01 0.99585e+03
A1 24 - 24 0.10004e+06 0.281B1e+02 0,19161e+00 0.80839e+00 0.97587e¢00 0,15457e-04 0.952210+03-0.94828e404 0.11397e+01 0,979629e+03
A1 25 25 0.10008e+05 0.26824e+02 0,192502400 0,607502+00 0.977742400 0.15514e-04 0.96511e+05-0.95164e+04 0.11461e40 0.99667e403
Al 26 26 0.10004e+06 0.236132+02 0, 193342400 0.80665e+00 0.97930e+00 0,13553e-04 0.96755e+05-0.95488e+04 0.11518e+01 0.99700e+03
A1 27 27 0.100082408 0,245342402 0,19414400 0.80585e+00 0.98050e+00 0.155852-04 0.969532+405-0.95792e+04 0.11569e+01 0.99728e+03
Al 28 28 0.100042+05 0.235792+02 0.19488e400 0.80512e+00 0.98170e+00 0.15613e-04 0.97130e+05-0.95076e+04 0.118140401 0.99752e+03
AL 29 29 0,100042+06 0,227362402 0,195572+00 0804432400 0.982620400 0, 1563b2-04 0,972742+05-0,96337e+04 0118532401 0,997720403
Al 30 30 0.10004e+04 0.21998e+02 0.19620e+00 0.80380e+00 0.98339e+00 Q.15654e-04 0.97395e+05-0.96577e+04 0.114B8e401 0.97769e+03
AL 31 31 0.100042+06 0,21354e+02 0,19576e+00 0.803242400 098404400 0,15672¢-04 0,97497e405-0,967942+04 0.117182+01 0,99803e+03
A1 32 32 0100042406 0,20796e+02 0,19727¢400 0,80273e+00 0,994582+00 0,15685e-04 0,975820+05-0,96987e+04 0.11744e+01 0,99816e+03
A1 33 330.10008e+06 0,20315+02 0,19772400 0.80228e+00 0.98503e+00 0,15697e-04 0,97653p+05-0,97159e+04 0,11766e401 0.976826e+03
AL 34 34 0.10004e+05 0.19903e402 0,19811e+00 0.80189e+00 0.985412+00 0.15707e-04 0,97713e+05-0.97309e+04 0,11785e+01 0.99634e+03
A1 35 35 0.10003e+04 0,19554e+402 0.19845+00 0,801550400 0.98573e+00 0,15715e-04 0,977620+05-0,97438e404 0,11802e401 0,95841¢+03
Af 36 36 0.10003e+06 0.19259e+02 0.198742+00 0.80125e+00 0.98599e+00 0,15721e-04 0.97803e+05-0,975492+04 0.11815e401 0.99847e+03
A1 37 37-0.10003e406 0.19012e+02 0.19898e+00 0.80102e+00 0.98521e400 0.15727e~04 0.97637e+05-0.97643e+04 0,11827e¢01 0,99852+03
AL 38 38 0.10003e+04 0,18805e+02 0,199192400 0.80081e+00 0,986382+00 0,15731e-04 0,97645e¢05-0.97722e+04 0.11835e¢01 0.97856e403
A1 39 39 0,10003e+08 0,18638e402 0, 199352400 0.800646400 0. 98653¢+00 0. 15735e-04 0.97887¢405-0,97767e+04 0.11844e+01 0.998592+403
AL 40 40 0,10003e+05 0.185002402 0,19950e+00 0.80050e+00 0,98565e+00 0.157382-08 0.979052+05-0,97841e+04 0,11851¢+01 0,99862e+03
AL 41 41 0,10003e404 0,18388e+02 0,19961e400 0.80039¢+00 0,98574e+00 0.157402-04 0.979200+05-0,978842+04 0. 118562401 0,998542+03
A1 42 42 0,10003e+06 0.182986+02 0.19970e+00 0.80030e+00 0.98681e+00 0.15742¢-04 0.97931e+05-0.97918e+04 0.11860e+01 0.99866e+03
81 43 43 0,10003e+05 0.18227¢+02 0.19977e400 0.80023e400 0.98687e+00 0.15743e-04 0.97940e+05-0.97948e+04 0.11863e+01 0.99847e+03
Al 44 44.0.10003e+06 0.18171e+02 0,19983e+00 0.80017+00-0,98692e+00 0.15745e-04 0.97947e+03-0.97967e+04 0.11866e+01 0,998682+03
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Flgure 15. (contmued) Selcctcd output for problem 2 rin with EOS4.
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1.3 Problem No. 3 - Heat Sweep in a Vertical Fracture

‘In many geothermal fields there is evidence of rapid migration of injected fluids
~ along ‘‘preferential flow paths,” presumably along fractures. The present problem is
- designed to study thermal interference - elong such paths, by modeling nonisothermal
injection into and production from a single vertical fracture, as ‘illustrated in Fig. 16 :

e (from‘Pruess and Bodvarsson, 1984).‘ The fracture is bounded’by semi-inﬁnite half-

o Vspaces of unpermeable rock, which provide a conductlve heat supply Initial temperature

s 300°C throughout. Water at 100°C temperature is mJected at one side of the fracture -

o at a constant rate of 4 kg/s. Productlon agamst a specrﬁed wellbore pressure occurs at the

_'other s1de, ata distance of 240 m from the 1n_]ect10n pomt Problem parametcrs are given

- _.in Table 11, and the TOUGH?2 input file for i mjectmg at pomt I and producmg at pomt P

ff‘«ls shown in F1g 17

\ W=.04m, ;=05

' [}
AN [y i
; ! .
P
t
1
|
H=200m ,i ‘
‘ bl
1 .
,"V “
P
,.’
' ¥
3
{ .
————————————————— ;—-————9—-----—-{\ 7
L=240m NI

XBL 839-2230

Figure 16. Schematic diagram of injection-production system in vertical fracture. I and :
. I are injection points, P and P’ production points. -
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Table 11. Parameters for Fracture Flow VProblem'(

Rock v
. Thermal conductivity - * - 2.1 W/m°C
Specific heat x 1000 J/kg°C
Density - ) 2650 kg/m’
. Permeability o 0
Height 200 m
Length - - - 240m
. Aperture . . . 0.04m ;
 Permeability ~ 200x 10~% m? (= 200 darcy)
- Porosity - -~ - 50%
Initial Conditions
Temperature 300°C
Pressure hydrostatic profile
~ Average pressure . . .. 100 bar
Injection
Enthalpy 42x10° J/kg (appr. 100°C)
. Rae. .. .o 4kg/s , =
Production
Productivity index _ 4% 10712 m3
. Flowing pressure - . = .. .. 96S5bar . .

A special feature of the problem is that the »semi-‘analy‘ﬁcal method is used to describe
heat conduction in the confining layers (see Section 5.4); reducing the dimensionality of
the ‘problem from 3-D to 2-D. Water remains in single-phase ' liquid ‘cor’iditions
throughout, so that no data block ‘RPCAP’ for relative permcabllmes and capillary pres-’

sures:isneeded.

" The problem uses the EOS1 ﬂllld property module, and is run in three separate seg-
ments. A’ first’ run ‘performs mesh’ gencratlon only, using the MESHMAKER/XYZ
module. For-this run, the data records from ‘MESHMf througﬁ ‘ENDFI’ in the mput file
are inserted right behind the first record with the problem title. "The mesh consists of 12

horizontal by 10 vertical blocks of 20 m x 20 m. Ordinarily, we would specify NX = 12
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«RVFs - VERTICAL FRACTURE S e
ROCKS—===1e-okmemmfemeetmmm=Bemcmhmmmn e mmfmm e =Bmm et m e e G m o e

T-——=4=-8
FRACT 26580, .68 200.E-12 200.E-12 208.E-12 2.00 1000.
CONBD 265¢. . .e0 ©.E-12  @.E-12  B.E-12 2.1 1000 .
START----1------—--2-------—-3---—a----4---------5----*----6----;----7---------8
PARAM-==-1-=--#oc--2emmctmmme e s St DEEE. SERETEEEEY PN
1 40 9910000@0@0000021 , .
1.67788E8 . ~1. . A1312 9.81
1.E2 9.2 . 9.E3 9.E4 9.€E5 2.E6 5.E6
1.E-5 :

100 .E5 300
GENER-~=-1---oh===-2-c--homc-Bomm—kocebonc—boc--BomocpoeeBcaom-Tocck---=B
A18 1INJ 1 MASS 4. 4.2€E5
A1312PRO 1 DELV 4.E-12  9.65E6
ENDCY , _ _ i
INCON===-1-—==#-coo@-cco@ocioBoceotmc—cdon koo Bmm-kmcoT—mcg-aac-§
(VIR o SRV JRSUEPOINULI SR UM SN FIPOIIY UL - KRy NP,

1 1 2 6 .. . -
(710 o ZAS PP SO DI IOy S - SRS Gy JUPRPIy SR -
MESHMAKER1 =~ --#-=—-2--—~#==-*3=——~gmmm-fmmo-mc=—Boco o meBrom ke oo~ k==
74 -
90.
NX 12 20.
NY 19 20.

NZ 1 .04

Figure 17. Input file for i)roblem 3 — heat sweep in a vertical fracture.

and NZ = 10 to make such a mesh; however, special cohside‘rations arise here because
we desire appropriate surface areas for heat conduction to be placed in the MESH file.
By default, in the MESHMAKER/XYZ module the interface areas: with impermeable
confining beds are always taken to be in the X-Y plane, so that in a mesh with vertical
Z-axis the interface areas for conductive heat transfer will be assigned to the top and bot-
tom boundaries. To properly assign the desired lateral heat transfer areas, the mesh is
generated as an X-Y mesh (NX = 12, NY = 10, NZ = 1), and the Y-axis is specified to
make an angle of 90° with the horizontal, i.., to point-in the vertical direction. The
MESI-IMAKER igput terr‘ninates‘ on ‘ENDFD’, to bypass the flow simulation and to limit
processing to mesh generation only. Figure 18 shows the mesh pa;tem printout generated
by TOUGH2. The elements ‘A13 1° and “A18 1’ correspond to the injection points I and
I’, respectively, 'in Fig. 16, while ‘A1312’ and ‘A1812’ correspond to the production
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points P aaa‘p" The MESH file is then edited, and a “‘dumimy”” element of zero volume
is appended at the end ‘of the ELEME block, o provxde the thermal data for the conduc-"
tive boundanes Thls element belongs to domam #2 (spec1fy MA2 = 2), and is mmahzed%

L f‘.‘

w1th the default condmons of 300°C temperature.

1usunuuuuuuumunuuuluuuuun:muuuuumuuuium\nuusuuuuumuunnuucnuuuunnuuun
& 77U CCARTESIAN MESH WITH NXeNY#NZ = 12 ¢ 10 ¢ { BRID'BLOCKS s " J

ulummuuummumummmmmminmummmuuummmuunuuumcmnuuuluuinmumuuuu
THE HESH NILL BE PRllﬂED AS SLIBES FOR K = i TD K= NI : |

- ‘™ EAL‘M HESH SLlCE, RDHS HILL 80 FRON J * l TO s NY 10

"N eAck 'tnﬁ,‘cm;unus WILL GO RN T=1T01sNe 02

ok e W o R e
W o e o B w

'lllllllliili!lilllil‘!l!l!!!!!ililIilll!i!!llii!ii!lillli!illilllliliiilliii!ll!iIlilllllliliili!l!liliiiillllllliliil!!lll!llillll

SLICEWITHK = |

cumI=1 2 3 4 5.4 LA | DO | SN O LU I (R LS I L
ROKS - : o Y e e

d= 1 AN LAIL2A1 3 Ml SAILSAIL G Ml 7 A1l B A1Y 9 AL110 ALLNL AILIZ

I= - 20 A12'1 A12 2.R12 3 A12 € A12'5 A12 & A12 7°A12 8 A12 9 AI210 AL211 A1212

J= 3 AI31AI32 ALY 3 A13 4 A13 5 A1T & A13 7 A13 8 A3 7 A1310 A1311 A1312

= 4 AGLALE2A10TALL 4 ALA T ALE & ALA:T ALL.8-ALL 9§ AL410 ALSIL ALAIZ -

J= 5 AIS1AIS 2 AIS 3 AIS 4 AIS S AIS & A1S 7 A1S B A1S § AI510 AI511 AISI2

J= & A16 L ALL 2 A16 3 AL6 & A1ES AL & ALS 7 AL 8 A1S 9 AL610 ALSLL AL402 .

3= 7T AIT 1 AITCT AT 3 ALT A A1TS ALY & AIT T ALT B AIT 9 A1710 ALT AITI2 T

J= . 8 A16. 1 AIB 2 AIB T AIE 4 AIR 5 ALD & AIR 7 AL 8 A18-9 AIGI0 ALBIL A1812 o
J= U9 Q19 1-A19-2 A19 3 ALT & AIS S R19 6 A19 7 A19 6 AD9 9 AI910 AI9IL AII2- - T
i= 10 Mﬁ 1 AIA 2 MA 3 AIA 4 A1A 5 MA 6 Mﬁ 7 MA 8 AR 9 AIMO MMI MMZ v

!!*!l!l!!i!!ii!llllilllll!ll!!ii!!illlll!l!!!llll!!!!!!!!i!!il!i!ilil!!l!!!!l!!lll!l!Iiil!!ilillililiifli!i!ll!!I!I!iiiiiilil!lllll
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Figure 18. TOUGH2 printout of mesh pattern in problem 3. ‘. o
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The next processmg step calculates a hydrostatxc pressure ethbnum in the frac |

ture under 1sotherma1 condmons. Thxs calculatlon uses the modlﬁed MESH ﬁlc obtamed’ '

T

gl

counter MCYC is changed from 40 to 4 as 4 ume stcps are sufﬁclent to obtam an accu-
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rate gravity equizlibrium.',fl‘he, generation items need to be removed, which can be
ach_ieved by' deleting them from the input _ﬁle or, more simply,_ by changing the ‘A’ in the
host.element jnames to ‘B’ so that generauon w111 then ooccur m elements B18 1 and
B1312, which are ‘‘unknown’’ (not present 1n the MESH data) and hence w1ll be
ignored. The convergence tolerance REI1 is changed from 1 x 10~ 'to 1x 107 , to achieve
a tighter control on gravity equilibrium. The ‘ENDCY’ statement preceding the

‘INCON’ record is removed, to enforce default initial conditions by way of an empty

* INCON 'data block, and to eng"age"'the MULTI data block. with specifications of

| (NKNEQ NPH,NB) =(1, 1 2 6) for an 1sothermal calculauon (mass balance only) We
also set MOP(15) =0, to msengage the seml-analytlcal heat exchange calculauon Grav-
ity equilibration results in a pressure trend ranging from 106.34175 bars in the bottom
..row of grid blocks (A1A 1, A1A 2, ..., A1A12), to 93.70950 bars in the top row (A1l 1,
- Al1112).

The subsequent producttonfm_]ectron run uses the mput file exactly as given in Fig.
17, with the MESH file as used in the grav1ty equlhbratron The SAVE ﬁle produced by
the gravity equilibration run is renamed ﬁle INCON -and used for nutlahzatlon after
removing the last two records and replacmg them thh a blank record, to reset time step
and simulation time counters to zero. The spemﬁed maxlmum tlme of 157788 x 108
“ seconds ¢ years) is reached after 37 t1me steps, at thrs t1rne productlon occurs with a rate
of 3.9998 kg/s and an enthalpy of 0 87031 MJ/kg; temperature in the producmg element
is 203.25°C. A plot of the transient temperature changes at the producmg element is

given in Fig. 19.

The fracture production/injection problem lends itself to several interesting exten-
srons and vanatrons These can be 1mplemented by means of small modrﬁcatlons in the
mput file and are menuoned here w1thout g1v1ng calculauonal results For example, the
problem could be restarted w1th a zero mJectlon rate, to exarmne the rate of temperature

recovery m the productron block Imtlal condmons could be chosen appropnate for
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Figure 19. Produced fluid temperature versus time for vertical fracture problem.

depleted zones in vapor-dominated reservoirs, e.g., T = 240°C, P = 8 bars, to examine
injection response with strong véporizatibn effects. Note that for injection into vapor-
dominated systeihs, two-phase conditions will evolve and a data block ‘RPCAP’ with
relative permeability and capillary pressure data 'wili be required. We point out that
strong grid orientation effects may arise when modeling water inja_ctibh into vaporQ '
dominated resevoirs and careful mesh design or inchision of diffusive effects (capillary
pressures) is vreqﬁired to obtain realistic results (Pruess, 1991). Parameters
(NK,NEQ,NPH,NB) = (2,3,2,6) could be used with injection type ‘COMZ’ instead 6f
‘MASS’, to inject ‘‘water 2’’ and thereby track the advance and arrival of injected water

at the production point. The problem could also be run with the EOS2 fluid property
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module, with some CO, initially present in the reservoir fiuid, to study the changes in

non-condensible gas content of produced fluids in response to injection.
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7.4 Problem No. 4 - Five-Spot Geothermal Production/Injection

In geothermal reservou' aévelbbmcpt, préduqtic;nr and injegﬁqn wells are often sited
in more or less regular geometric patterns. The present problem considers a “‘large’” well
field with wells arranéedlil_iv a "f“_ﬁv»e-spot” conﬁghraﬁon (Fig. 20) Bccause of symmetry
only 1/8 of the basic pattem needs to be modeled. The computatioh’al_ grid was generated
by means of a separate prepfdcéﬁ%c)r program whighfh:zts not ycjt been integrated into the
TOUGH?2 package. The grid has six row#, :cachv Coﬂfaining between one and eleven ele-
ments, for a total of thirty-six volume elements (sce Fﬁig.» 20), for Si@plicity, only a single
layer of 305 m thickness is modeled. The problem specifications as given in Table 12

correspond to conditions that may typically be encountered in deeper zones of hot and

fairly tight fractured two-phase reservoirs (I;’ruéss; iv§83c§ Pruééswénd Narasimhan, 1985).

T e’ SNV
& duistionWen
e /., ProducnonWell e

.. .XBL 907-2476 .. . . ... ..

" “Figure 20.” Five-spot well pattern with grid for modeling a 1/8 symmetry domain.
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| Table 12. Parameters for Five-spot Problem

;. Formation
© Rock graindensity- - 2650kg/m’
.. *Specific heat .. 1000J/kg°C
Heat conductivity o2l W/m°C
Permeable volume fraction 2%

Porosity in permeable domain  50%
. Impermeable blocks: cubes -

with side length - © 50m,250m
Effective permeability - 6.0x10” Bm?
Thickness B ~ 305m

Relative pcrmeablhty Corey _ |

curves with

S,,=0.30,S,=0.05

'Initial temperature 300°C

Initial liquid saturation . 0.99

Initial pressure 85.93 bar
Production/Injection

Pattern area 1km?

Distance between producers _

and injectors . 707.1 m
Production raie . 30 kg/s

Injection rate 30 kg/s

Injection enthalpy S00kl/kg -

*Full well basis

The INPUT file for use with the EOS1 fluid property module (Fig. 21) models the
system as a fractured medium with embedded 1mpermeable matrix blocks in the shape of
cubes (partition type “THRED’ with three equal fracture spacings). The matrix blocks
were ass1gned a non-vamshmg poros1ty of 10 o so that they w111 contam a small amount

of water. Th1s will have no noticeable impact on fluid and heat ﬂows, but it prevents the
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TR VU L e ey hpiee el e, s B NI

Py 8 F 3 2 ¥ ceo T oLyyie T LTE K :
NS E S D T e e D i

sRFPs .- 36 BLOCKS PARALLEL FIVE-SPOT GRID (CF SPE-184286)..

ROCKS <= e == mt 2 e e 2mcc o ameirBr oo igmcn ol ian s s Bemmmgmm i iBimmmhmn o emimgmrnnf
POMED 2650, .01 8.E-15 6.E-15 6.€-15 2.1 1000.
FRACT 2668, . .68 ~6.E-15 6.E-16 . 6.E-15 2.1 1000,
'MATRX . 11266@. - 1.E-10 . 0.E-~15 . B.E-16' T@ES1E . 241 10008,
START~c~wlecevten--2-ncrtocc=Brocokercrfrert—ac-Borectce b retbencnTecnrtmme=B
 PARAME ===~ sosQecms@otoeBulie gl me e g drnBoka g mnadBuecnctc T gon B
1 99 0900000000000000 4710
1, 15185259 ~1. 3.15576E7 KA 1
1 E g HEAN RS N : Bl R )
300. 0.01 6.E5
RPCAP~-7-1——:-O-—-F2--——t—---3——-—#-—--4---ot----5----t~-——6~-—-t--——7----*----8
- SRR AN V', xﬁi%,.]gs' SR awe ; Fooln et BT . ; Lo
l 1.
TIMES-+=-~lnwempocee2r-—ctec-Fcnntorlfoecmt - -fovnc e o—Brermtorm T e nct—auuB

1.57788E8 7.88940ES
GENER«--—]----t-——-2----~~---3-~-»6-*—-4—~~—--~-—5-—-—-—wa-G--~-o---—7——-—t--~-8

AA L1INJ 1 <o i Tl MASS 3.76 . B, oss
CKALVIPRO. 1. ,oup . opr i ae ;oo MASS. o 23.TB. e

N T e e S T el ot .

©.1628E+23 -

AA 1 POMED® . 1906E+060 . 1250E +04 °. .
BA 1 POMED® . 7625E +060 . 6O0AE +04 0.7071E+020. 0.1626E+083
CA 1 POMED® . 7625E +060 . 6AGOE +04 0.1414E+030, " @.1625E+03
DA 1 POMED® . 7625E+060 . SOGOE + 34 0.2121E+030. 0.1625€+03°
EA 1 POMED® , 7T625€ +260 . FOOOE +04 .0,2828E+030, 0.1526E+03
TEA 1N -POMED@. 7625E +060 . 600OE +84 © @.3536E+030. ©.1625E+03
GA 1 _POMED@ . 7626E+060 . 5GOOE +04 - = @.,4243E+030. 2.1625E+03
HA 1 POMEDO . 76 26€ + @60 . 6OCTE +04 . ©.4960E+@30. @,1526E+03
1A 1 POMED® . 76 26€ + @60 , 60GCE + 74 " @.66657E+030. ©.1526E+03
JA 1 -POMED® . 7625E + (60 . GAAE +04 0.6364E+030. ?.1626E+03
KA 1 POMED® . 1906E + @66 . 1260E + 04 ©.7071E+030. ©.1625E+83
BB 1 POMED® . 76 25€ + 060 . 6BGOE +84 ©.7071E+020.7671E+020 . 1525E+83
CB 1 POMED® . 1526E+87¢ . 1000E+85 ©.1414E+030.7671E+020.1626E+03
GE 1 . POMED® . 7626E+060 . 5ON0OE +04 '@.4243E+030 . 2828E+030.1525E+03
FF 1 POMED® , 3812E +060 . 2600E +04- ©.3636E+030.3636E+030.1625E+03
HTX00 POMED 0.
1] XN SRS pUPIPOIUIPN S YRPES T Epur S S -SSR SNSRI NSRRI -
AA 1 BA 1 , 10.3536E+020 . 363RF +020 . 1678E+05
BA 1 CA 1 10.3636E +020 . 353RE+028 . 1078E+05 -
BA 1 88 1 . 20.3536E+020, 3536E+020, 21676405
CA 1. 0A1 10.3536E+020.35368E+020.1078BE+05 i
CA 1CB 1 20.3536E+020. 3536E+020 . 2167E+05 - i
FE 1 GE 1 A 10.36536E+020.3636E+020.2157E+05
FE 1 FF 1 : 20.3536E+@20, 3636F +020.2167E+05
INCON-===1=-r-8-r=r2er-gro--dnnstsonodeecesmofoonngernzBrzazeoroTonorenon8

MESHMAKERx---------z-—--c----3-—-..----4----.---_5----.----s----.----1---_.----e -

MINC , v
PART THRED (7 (3 DELT 0t el Lol 0y 8 0 ot :
5 40UT 50. .
.02 .28 .20 .38 ‘ S
ENDFI--~-1 sl ilaloaiotoivio o raidiel g’ 1o lalalop lpainofadetoaac'sTunnaio—-8

..... — I S AV L A FERTENE TR PR bl
TR I SRR S 2 i u.'f R I AN Ti BRSNS A

Figure 21. Input file for problem 4 - five-spot production/injection. (Only pan of
ELEME and CONNE data blocks are shown.)
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water mass balance equation from degenerating into the singular form 0 = 0. The MESH-
MAKER module is used to 'perform,MINC-parritioning of the primary grid. The first
MINC contimrum, correspohding to the fracture domaih, occupies . a volume fraction. of
0 02 and has an intrinsic porosity of 50%, for an eﬁecnve fracture porosrty of 1%. By
msertmg an ’ENDCY’ record in front of the MESHMAKER data block the MINC pro-

cess can be disabled and the problem run as an effecuve porous medlum. Figures 22 and

D Ty T T L T L T T I T T T T T T T e P P P e e P erPprem
t e HESHMAKER - MINC: GENERATE NULTIPLE INTERACTING CONTINUA MESH FOR FRACTURED MEDIM - ]
L T L T T T L I Tt e Te v ryrrreeeee™y

FILE: iHINC! EXISTS -== OPEN AS AN OLD FILE
CHOICE OF HATRI!-HATRIX FLON HANDL!NG. 'DFLT ‘
THE OPTIONS ARE: *® * (DEFAULT}, KO GLOBAL NATRIX-HATRIX FLOH, BLOBAL FLOW ONLY THROUSH FRACTURES

*NNVER®, 6LOBAL HATRIX-HATRIX FLOW IX VERTVICAL DIRECTION ONLY
*NMALL", GLOBAL MATRIX-NATRIX FLOW IN ALL DIRECTIONS

GEOMETRY DATA, NORMALIZED TO A DOMAIN OF UNIT VOLUME

CONTINUUM -~ IDENTIFIER VOLUME NODAL DISTANCE INTERFACE AREA  INTERFACE DISTANCE
e FRON FRACTURES

1-FRACTURES [ X - 0420000e-01 0.
’ 0.11760e+00 0.

2-MATREX 24 0.80000e-01 0.34984e+00 ' i

0.11111e¢00 0.699467e+00
3-RATRIX LAl 0.20000e+00 0.97637e+00

0.93970e-01 0.245242401
4-MATRIY e 0.350002400 0.2305te+01

: 0.59197e-01 0.72627e+01

S-NATRIX 0t 0.35000e+00 0.35475e+01

READ PRINARY NESH FRON FILE sNESHE
THE PRINARY NESH HAS 37 ELENENTS ( 36 ACTIVE) AND 55 CONNECTIONS (INTERFACES) BETWEEN THEW '

WRITE SECONDARY NESH ON FILE #MINCs
THE SECONDARY MESH HAS 1B1 ELENENTS ( 180 ACTIVE) AND 199 CONNECTIONS (INTERFACES) BETWEEN THEN

R R R R R L R R L R R R R R R R R R R R R R R R R R R R R NN

MESH GENERATION CONPLETE --~ EXIT FROM MODULE -#MESHMAKER®

Figure 22. Output from MINC processing of problem 4.
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o 23 show part of the pnntout of the MINC sxmulatron run, and th 24 glves temperature

a proﬁles along the hne connectmg the mJectxon and productlon wells after 36 5 years. It ls,'_

C seen that the MINC results for 50 m fracture spacmg are v1rtually 1dent1cal to the porous |

jg T medrum results, wh1le another MINC run for 250 m fracture spacmg shows lower tem-

- ;peratures, mdlcatmg a less complete thermal sweep

L Wernention again a nuxnber of problem variations,‘ thatcan*be’ easlly realized with

. small modifications in the input file. For example, heat exchange with confining beds can

be studied by setting MOP(15) = 1 (an appropriate inactive element to represent thermal

v parameters has already been mcluded in the mput ﬁle) Thrs would be expected to be of

... minor s1gmﬁcance for the porous medlum and the D 50 m fracture spacing cases, but
4 x_'could have maJor effects when fraeture spacmg is as large as 250 m. The problem could
; be run wrth permeable matnx blocks; typical matrix permeabrhtres in fractured geother- -

. mal reservorrs are of the order of 1to 10 mrcrodarcres (10 to 10” mz) It would also

. %:lbe of mterest to compare a productron only” case wrth varlous dlﬁ“erent m_]ectron f

,scenanos The input file as is can also be run- wrth the EOSZ module, the thud primary -

f‘ff ‘}vanable would then specrfy a CO2 partral pressure Of 5 bars
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KAt 1, &) 5T = 0,100000e+06 DT = 0.100000e+06 DX1= -,1871%3e+06-DA2= 0.199814e400 T = 298.440 P
KA 102, 4 ST = 0,200000e+06 DT = 0.100000e+05 DX1='-,299719%e+06 DX2= 0.772233e-01 T = 295.886 P
KA 10 3, 5} 8T = 0,400000e+06 DT = 0.200000e+06 DX1= -,5633811e+06 DX2= 0.393106e-01 T = 290.238 P
KA 10 - 4, -4). ST = 0.600000e+06 DT = 0.200000e+06 DXi= --,74839e+05 DX2= 0.348863e-01:T = 283.077 9.
KA £y &) ST = 0.100000e+07 DT = 0,400000e+06 DXi= -,995672e+06 DX2= 0.279254e-01 T = 272,539 P = 5727899. § = 0.3891460e+00
KA 10 &, &) ST = 0,140000e+07 DT = 0,400000e+06 DX1= -, 196871204 DX2= -,139943e-01 T = 270.269 P = 5529028, § = 0.375165e+00
KA-E( 7, 4) ST = 0,220000¢+07 DT = 0,800000e+06 DX1= -0,1489740+06 DX2= ~,263612e-01 T = 271,975 P = 5678001, § = 0,3488042+00
Ka 1t 8, 4) ST =0,380000e+07 DT = 0.160000e+07 DX1= 0.104575e+04 DX2= -.140159e-01 T = 273,153 P = §782377. § = 0,334788e+00
Ka 10 9, 4) ST =0,700000e+07 DT = 0,320000e+07 DX1= -, 380368e+05 OX2= ~,576194e-02 T = 272,725 P = 5744540, § = 0.329026e+00
KA 1 10, 5) ST =0,1340000408 DT = 06400002407 DX1= -,264969e+05 DX2= -, 714147e-02 T = 272,428 P = S718043. § = 0,321885e+00
Kh ${ 11, 4) ST = 0,198000e+0B DY = 0.440000e+07 DX1= 0,26B126e4067DX2= -.181076e-01 T = 275,399 P = 59856169, § = 0.303777e+00
KA 1€ 12, 5} ST = 0.326000e+08 DT = 0.128000e+08 DXis -,434483e+03 DX2= -,1B4420e-02 T = 275,394 P = 5985735, § = 0.301931e+00
KA £{ 13, 4) ST = 0,454000e+08 DT = 0.128000e+08 DXi= -.720791e+05 DX2= 0.817454e-03 T = 274.406 P = 5913656, § = 0.30274%e+00
KA L0 14, ) ST = 0.710000e+08 DV = 0,256000et08 DXi= -,277185e+0b DX2= 0.741485e-02 T = 271.503 P = S636471. S = 0.310163e+00
KA 14..15,  5) ST = 0.955000¢+08 DT = 0,256000e+08 DXi= ~, 1084442408 DX2= 0.274836e-03 T = 270,257 P = 5528026, § = 0.310438e+00
KA 10 16, 5) ST = 0122200409 DT = 0.2560002408 DX1= 0,612782e405 DX2= -,580427e-02 T = 270,954 P = 5389304, § = 0,3045342+00
Ka1( 17, 4) ST = 0,147800e+09 DT = 0,256000e+08 DX1= -,137462e+06 DX2= 0,430498e-02 T = 249,348 P = 5447842, § = 0.30893%+00
KA 1 18, #) ST = 0,157788e+09 DT ‘= 0,998800e+07 DX{= 0.2571B6e+05 DX2= -,260333e-02 T = 269,443 P = 5475561, 'S = 0.304336e+00

8405499, § = 0.209814e+00
8105780, § = 0.287037e+00
7471969, § = 0.326348e+00
TOT23571. S = 0.361234e+00

14RFPE - 36 BLOCKS PARALLEL FIVE-SPOT BRID (CF. SPE-18426)
OUTPUT DATA AFTER ( 18, 4)-2-TINE STEPS h ~ THE TINE 15 0.18262e+04 -DAYS
OGEQEieeiE@EQEEQ@EEQEEE!EEQEE!EQ@EEQ!E!@!EE!Ei!QEG@@Ei&@ﬁ@ﬂﬁe@@&i@ﬁﬁ!&&@Q@@Q@EQGE@EEQ@QEQ@!EEQ!EEE!EEEE@EEEEEEE@EEE@EE@!EE@EEEEEEE@E

TOTAL TIME: KCYC ~ ITER ITERC KON DXIN DXZH C DASM ‘ ' RERM * KER  KER  DELTEX
0.15779e+0% 18 4 82 2 0.255909e+06 0.299944e403 ¢. 0.714387e-05 S 2 0.998800e+07

OEREREREEREEEREREREREREEEEREREREREREReERERERRREREEEERE0E0EQERRREEOERERERER0RROREREREREREREREREREREREONEREREREAERAAEEREEEREREREREEEEE

OELEM, - INDEX P T S6 ] 4] X2 -0 pCAP 6 DK
(PR) (DES-C) {Pa) {KB/HE23)  (KS/Hex3)
A8 1 1 0.10330e+08 0.13000e+03 0. 0.10000e+01 0,10000e+01 0. 0. 0.18945e+01 0,93986e+03
W81 2 0,28107e+06 0.13133e+03 0,24453e+00 0.75547e+00 0,10000e+01 O, 0. 0.15534e+01 0.93343e+03
301 3.0.32719e+05 0,13552e403 0.24093¢+00 0,75707e+00 0.10000e¢01 0, 0. : 0.17914e+01 0.928942+03
4801 4 0.47445e+06 0.150042¢03 0.23100e+00 0.749000+400 0,10000e401 0. 0. 0.255082¢01 0.916740403
SAR 1 5 0.872442405 0.174042+03 0.21110e+00 0.788%0e+00 0.10000e+08 0. 0. C.0.45195e+0! 0.89315e+03
BA L & 0,93997e+07 0.18457e+03 0. 0.10000e+01 0,10000e+01 0, - 0. ‘ 0.59490e401 0,885550+03
BA1 7 0,12052e+07 0.18816e+03 0.19784e+00 0.B0214e+00 0,10000e+01 0. 0. 0.41530e+01 0.87807e+03
3BA 1 B 0.13719e+07 0.19410e+03 0.19189e+00 0.80811e+00 0.10000e+04 0. 0. : 0.696882¢01 0.87144e+03
4881 9 0,18396e+07 0.20819+03 0.17469e+00 0.82331e+00 0,10000e+01 0. 0. 0.92592e+01 0.85439e+03
SBA 1 10 0,2748Be+07 0.22944e+03 0,15047e+00 0,.B4953e+00 0.10000e+01 0, 0. 0.13852e+02 0,82807e+03
CA1 11 0.91032e+07 0.25414e+03 0, 0.10000e+01 0.10000e+01 0. 0. 0.21447e+02 0.79877e+03
41 12 0.43280e+07 0.25505e+03 0.111750+00 0,88825e+00 0,10000e+01 O, 0. 0.21806+02 0.79159e+03
3CA 1 13 0.45723e+07 0.25833e+03 0.10597e+00 0.89403e+00 0,10000e+01 0. 0. 0.23089e+02 0.78445e+03
4CA 1 14 0.51563e+07 0.265842403 €.92249e-01 0,90775e+00 0.10000e+01 0, 0. 0,26202e402 0,77450e+03
SCA £ 15 0.40320e+07 0.27590e¢03 0.71795e-01 0.92821e+00 0.10000e+01 0, 0. 0.31007e+02 0.75773e+03
DAL 16 0.895850+07 0,28753e+03 0. 0.10000e+01 0.100002+01 0, 0. 0.37596e+02 0.74005¢+03
2081 17 0.72141e+07 0.267842+03 0.43857e-01 0.95613e+00 0, 10000401 0, 0. 0.37787e402 0.73620e+03
30A 1 18 0.73324e+07 0.288952+03 0.41029e~01 0,95897e+00 0,10000e+01 O, 0. 0.38484e+02 0.73410e+03
DA 1 19 0,75915e407 0.291332+03 0.34773e-01 0.96523e+00 0,10000e+01 0. 0. 0.40032e+02 0,72954e+03
5DA 1 20 0.79249e+07 0.29431e403 0.26639%-01 0.97336e+00 0,10000e+01 0. 0. 0.42048e402 0.72372e+03
EAL 21 0.88355e+07 0.29740e+03 0. 0.10000e+01 0.10000e+01 0. 0. 0.44250e+02 0.71878e+03
2EA 1 22 0.82914e407 0.297482+03 0.17570e-01 0.98243e+00 0.10000e+01 O, 0. 0.44305e+02 0.71739e+03
JEA L 23 0.83229e+07 0.29774e+03 0.16784e-01 0,98322e+00 0.10000e+01 0. 0. 0.44501e+02 0.714842+03
4EA 1 24 0.83887e407 0.298302+03 0.15134e-01 0,9848be+00 0,10000e+01 0. 0. 0.44911e+02 0.71571e403
SEA 1 29 0.8464e+07 0.29895e+03 0.13181e-01 0.98582e+00 0.10000e+01 0. 0. 0.45399e+02 0.71438e+03

Figure 23. Selected output from problem 4 flow simulation.
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et

0'8 Concludmg Remarks o

With TOUGH2 we are releasmg a code that prowdes a flexible capabxhty for simu-

, lating multicomponent multiphase fluid and heat flows in permeable media. TOUGH2

implements the general MULKOM architecture that separates and interfaces the flow

- and transport aspects of the problem (which do not depend on the nature and number of
. fluid components and phases) from the fluid property and phase composition aspects

.. (which are specific to the particular fluid mixture under study). Another important aspect

of TOUGH2 is the integral ﬁmte drﬁ'erence method used to discretize the ﬂow system.

. This method provxdes a high degree of ﬂexxbxhty in the description of flow. geometry.
. One-, two-, and three-dimensional flow problems with regular or irregular gridding can

be treated on the same footing, and special discretization schemes for fractured media, or
for higher-order dxﬁ”erencxng approximations, can be 1mp1emented through appropriate
preprocessing of geometnc data. For regular grid systems, the integral finite difference

method is equivalent to conventlonal ﬁmte dlfferences

The emphasrs in the development of the MULKOM concept, and its implementation

* in the TOUGH2 code, has been on ﬂexrbxhty and robustness. TOUGH2 is an adaptable

research tool, that i in the present form can handle a wide vanety of flow problems in the

fields of geothermal reservoir engmeermg, nuclear waste 1solanon, and hydrology. Fluid

~ property modules to be included in future releases would allow applications to problems

in petroleum engineering, natural gas recovery and storage, and environmental monitor-
ing and remedlatlon efforts. BRI
TOUGH?2 is intended to be a ‘m"generel purpose” simulator. Applications to many

different kinds of flow problems are possible, but should be made with caution. The

- diversity of multiphase fluid and heat flow problems is enormous, and careful considera-

tion must be given to the peculiar features of any given problem if a reasonably accurate
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and efficient solution is to be obtained. A case in point is multiphase flow in composite
‘(layered) media, in which discontinuous permeability changes occur at the boundaries
between different geologic units. It is well known that for single pharsé: ﬁ;ow,‘th‘e épprdpﬁ-
”at‘icv interface weightihg scheme for absolute ‘permeability is harmonic weighting. For
*two-phase flow, the added problem of relative permeability weighting arises; it has been
" established that for transient flow problems in uniform media, relative permeability must
" be Upstream weighted, or else phasé fronts may be propagated with erroncous speed
“"(Aziz and Settari, 1979). Recent studies "at"rLavE/ki‘ehcétBerkeley Laboratory ‘have shown
~that for transient"two-phase‘p’frobl\ems in Composite media, both absolute and relative per-
“meability must be fully upstream weighted to avoid the possibility of gross errors (Tsang
" and Pruess, 1990; Wu, Pruess; and Chen, 1990). The applicable weighting schemes for

"' different flow problems are summiarized in Fig.25. Our somewhat disturbing conclusion

transient two-phase flow

uniform medium composite medium

k (constant) k
A kl' upstream . kl' upstl'eam

steady two-phase flow

ke kr harmonic

single-phase flow

k harmonic

k, (none)

XBL 908-2880

- Figure 25. -Weighting procedures for absolite (k) and relative permeabxhty (k,) at grid
block interfaces. o
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'potentlal subtle and not so subtle p1tfa11s in the modehng of muluphase ﬂows Generally
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‘is that there is no ‘single weighting scheme for general two-phase flows in’ comiposite

‘media that would at'the same time preserve optimal accuracy for single-phase or steady

two-phasé flows. Another interesting problem is the weighting scheme for interface den-

‘sities. For proper modeling of gravity effects, it is necessary to define interface dénsity as

the arithmetic average between thé densities of the two'adjacent grid blocks, regardless

of nodal distances from the interface. An unstable situation may arise when phases
(dis—)appear, because interface density may then have to be *‘switched’’ to the upstream

value when the phase in question is not present in the downstream block For certam ﬂow

‘problems spatial mterpolatxon of densities may provide more accirate answers.

" Issues of interface weighting and associated discretization errors’ are especially

‘important’ when non-uniform or irregular grids are used, as is often done’ within an
‘integral finite difference approach because of the convenience and ease of implementa-

tion. Additional complications related to interface weighting arise in flow problems that

involve hydrodynamic instabilities. “Examples includé immiscible displacemonts with

“i“infavorable ‘mobility ratio’’ where a'less Viscous ‘fluid ‘displaces a fluid of higher
Viscosity (viscous instability), and flow problems Where a dénser fiuid invades a ‘zone
‘with less dense fluid from above (gravity instability).” These instabilities can produce
‘very large grid orientation errors, i.e., simulated résulfs can aepéﬁa@sa‘.an‘giy on the orien-

, ‘tation of the’ computatlonal gnd (Yanosﬂc and McCracken, 1979 Pruess and Bodvarsson

1083: Pruess, 1991: Brand et al., 1991) R B, B e i B

These examples are by no means exhaustlve, they are sxmply mtended to 1llustrate

5{{

gspeakmg, in the desrgn and 1mp1ementauon of numencal schemes for such ﬂows, there

‘;appears to be a trade-off between accuracy and efﬁcwncy on the one hand and ﬂex1b1hty

and robustness on the other For any grven problem, small modlﬁcatlons m the source
code will often allow substantial gains in accuracy and efficiency. In many cases 1t may

be advisable to use higher-order differencing schemes. The present version of TOUGH2
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does not provide built-in capabilities for higher-order differencing; however, the integral
finite difference methodology used in. TOUGH2 makes it possible to-implement such
schemes through simple preprocessing of geometric data. Generally speaking, higher-
order differencing schemes can be implemented by assigning additional flow connec-

tions, with appropnate welghtmg factors, between elements of the computatronal grid
| '(Pruess and Bodvarsson, 1983). ‘ |
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r'I}I_omenclthurie,_:;,f, : B
A area, m?
b Klmkenbcrg paramcter, Pa S ST .
B effective vapor dlffusxon strength parameter, placcsi thc group ¢Sg‘tfiin; Eq.
(A.7), dimensionléss ~ RSN B S

C specific heat, J/kg - °C . .

d penetration depth for heat Céhduétion, m

D ~, diffusion cocfﬁciqnt, _m_2/s A

DELX' ° ‘small increments of pnmary vanables for computmg numerical derivatives
DX increments of primary variables durmg Newton~Raphson xteratlon

f diffusive ﬂux, kg/m °s

fypL vapor pressure loweﬁhg factor, d1mens1onless (Eq A 9)

F mass or heat ﬂux,kg/m sorWm? . o

g gravity acceleration, /s> BER LS

h specific enthalpy, J/kg

i index of primary thermodynamic variable ‘.

J Jacobian matrix S

k intrinsic pcrmcablhty, m (10 12m2 =] darcy)

k time level index

k.  relative permeability, dimensionless. -

K thermal conductivity, W/ :°C f i s v
Ky ;v,-’chry’sconstant,;Patafzs Gt

m index of volume element (grid block)

m molecular weight of air _ L
My0 molecular weight of water e s
m, molecular weight of liquid | | it
M accumulation term in mass or energy balance equation, kg/riiy(’)r Jm®




NLOC

NLOC2 - -

NPH
NSEC

‘o v o

a.c.

o =

“ o W o

< £ =3~

e
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index of volume element (grid block)
index of volume element (grid block)

number of secondary parameters other than mass fractions in PAR array
(usually NB = 6)

NB + NK

number of volume elements (gnd blocks) in flow domam

' number of balance equatlons per -volume eIement '

NEQ = NK1 or NEQ=NK
number of mass components present
NK +1 I

storage location after which primary vanables start for gnd block N;
NLOC = (N - 1)*NK1 EEE

storage location after which secondary parameters start for grid block N;

NLOC2 (N 1)*(NEQ+ 1)*NSEC

" number of phases

number of secondary parameters per volume element
NSEC = NPH*NBK +2 -

index in Newton-Raphson iteration

pressure, Pa

air entry pressure, Pa

capillary pressure, Pa

saturated vapor pressure, Pa

volumetric sink or source rate, kg/m3 *sor W/m3

radius, m

residuals in mass or energy balance equations, kg/m3 or J/m3
universal gas constant, 8314 J/°C - mole

saturation (void fraction occupied by a fluid phase), dimensionless
time, s

temperature, °C

specific internal energy, J/kg

volume, m

_distance, m



‘;35.

primary thermodynamic variable
mol fraction of component ¥ in phase B

mass fraction of component x in phase B

z= log[r/(t)%] similarity variable for cylindrical flow geometry

Greek

= a o6 = TV A®B O ™

Subscripts

a
B
c
f
g

phase index (B = liquid, gas)
thermal diffusivity, m’/s
component index

density, lcg/rn3

area, m’

porosity, dimensionless
tortuosity factor, dimensionless

viscosity, Pa - s

air
phase
capillary
fracture
gas
initial
liquid

relative

rock

vapor




.
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Appendix A. Mass and Energy Balances - ";
- The basic mass- and enetgy-balance,}equations_ _solved by MULKOM, TOUGH and
TOUGH?2 can all be written in the following general form:
-(‘-11? j MOV = | *’F““’ ndl+ [ q® av (A1)
The mtegratlon here is over an arbltrary subdomam V of the ﬂow system under study,
wh1ch is bounded by the closed surface I‘ The quantlty M appeanng in the accumula-

tion term denotes mass or energy per unit volume, w1th K= 1 “ o NK labeling the mass

components, and K= NK + 1 for the heat “component

_ The general form of the mass accumulation termis. . .. = .o 0

M(“)—(p Z sBpré) N R SR (Az)

The total mass of component X 1s obtaJned by summmg over all ﬂuld phases |3 l
NPH SB is the saturatxon (volume fractxon) of phase [3 P is densxty of phase ]3, and X ")
is the mass fraction of component K present m phase B Slmllarly, the heat accumulatlon

term in a multi-phase system is:

gty T Ty i S

’(NK+1) NPH -

M =¢ ¥ Sgppup+ (1-0) pr T , (A3)
B =t | |

where up denotes intemal energy of fiuid phase .

- The mass flux term is a sum over phases

F(K)_ Z xlc)FB ST Ay

for x =1, ..., NK. Individual phas_e fluxes are given'by\ a multi-phase version of
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Darcy’s law:

k,
FB=—k-E:—p§ (VPg—ppe) - ~ (AS)

Here k is absolute permeability, kg is relative permeability of phase B, pg is viscosity,

Pg=P+P;g R (A.6)
is the pressure in phase B, which is the sum of the pressure P of é reference phase, and
the capillary pressure of pha’sé'B relative to the i‘eferéhcé phase. g denotes the vector of
gravitatidnai acceleration. Gas phase'peMCabilitil can be speciﬁed o def)end on pres-
sure, according to the Klinkenberg relationship k = ky(1 + b/P), where k is absolute per-
‘meability at high pressure (Klinkenberg, 1941). In addition to Darcy flow, MULKOM
" and TOUGH also include binary diffusion in the gas phase for fluids with two gaseous
(or volatile) components ¥, ¥’

f'2ga5=-¢sgwm(pgvx,§"> (A7)
D, is the coefﬁcient of binary diffusion which depends on the nature of the gaseous
components and on pressure and tzmpetature. T is a tortuosity factor. When binary dif-

fusion is present the fiux-term (A.7) simply gets added to that of (A.4).

Heat flux contains conductive and convective components (no dispersion)
FNKD = _KVT + 3 hg Fp (A.8)
B

where K is thermal conductivity of the medium, and hg=ug +P/pg is the specific
enthalpy of phase B.
MULKOM and TOUGH2 can model vapor pressure lowering due to capillary and

phase adsorption effects. This is represented by Kelvin’s equation (Edlefsen and Ander-

son, 1943):

P, (T, S;) = fypr (T, $;) - P, (T) (A.92)
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where

upy = oxpd i FeSD) (A9b)
VPL = CXPY O R (T + 273.15) :

is the vapor pressure lowering factor. P, is saturated vapor pressure of bulk liquid, P, is
the difference between liquid and gas phasé pressures, my; is the molecular weight of the

liquid, and R is the universal gas constant.




. .
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Appendxx B. Space and Tnme Discretization
The contmuum equations (A.1) are discretized in space usmg the “muegral finite
d1fference method (Edwards 1972; Narasimhan and Wxtherspoon, 1976) Introducmg,

appropnate volume averages, we have

jMdv VaM, ey

where Misa volume-normahzed extensxve quantity, and M, i is the average value of M

over V. Surface integrals are approxlmated as a discrete sum of averages over surface

segments Ap,:

l[F-ndI‘:}j-A,,mF,,,,, . o (B2)

Here Fo is the average value of the (inward) noi'mal co'mpenent of F overithe surface
segment Aﬂm between volume elements V,, and V The dlscreuzanon approach used in
the mtegral finite dlfference method and the deﬁnmon of the geometric parameters are
illustrated in Fig. 26. The discretized flux is expressed i terms of averages over parame-

ters for elements V; and V. For the basic Darcy flux term, Eq. (A.5), we have ,

e e ktB pﬁ PB.n*—Pp ‘ T L N
: 3

where the subscripts ,(nmld@en?t? a_;.ﬁmtab,le averaging (mt.crpf?lanon-, harmonic weight-

Lo Ak

ing, upstream weighting)ﬁ Dy is the distan'ee between the nodal points n and m, and g,
is the componem of gravxtanonal acceleranon in the dlrecnon frommton..
The discretized form of the bmary dxffuswe flux in the .gas phase is .

Xen=Xem .

é'c)gas, ~ 6 S gnmtnm (chlc')nm pg,nm D —— . "‘, 5 (B4) o
nm

o Substltutmg Eqgs. (B.1) and (B 2) into the governing Eq. (A. 1) a set of ﬁrst-order
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Figure 26. Space discretization and geometry data in the integral finite ‘differexic'e
-method. :

ordinary differential equations in time is obtained.

aMe 0 o0
v ZAmFmta® - ®S5)
nm

‘Time is discretized as a first order finite difference, and the flux and sink and source
terms on the right hand side of Eq. (B.5) are evaluated at the new time level,
=K+ At to obtain the numerical stability needed for an efficient calculation of
multi-phase flow. This treat;nentr(.)f ﬂu# terms is known as “fully imblicit,” because the
fluxes are expressed in terms of the unknown thermodynamic ‘parameters at time level
t<+1, 5o that these unknowns are only implicitly defined in the resulting equations; see
e.g. Peaceman (1977). The time discretization results in’ the following set of coupled
non-linear, algebraic equations:

R(OK+1 "'(‘x)k+1 —M,E“"‘-%,t—{z A, FOk+ Ly qéx)kfl}

nm

=0 . o S (B.6)
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The entire geometric information of the space discretization in Eq. (B.6) is provided

in the form of a list of grid block volumes V,, interface areas A, nodal distances Dy,

‘and components g,; Of gravitational acceleration along nodal lines. There is no refer-

.ence. whatsoever 10 a global system of coordinates, or to the dimensionality-of a particu-

lar- flow_problem. - The discretized .equations are .in. fact-valid . for: arbitrary irregular

discretizations in one, two or three dimensions, and for -porous as well as for, fractured

media. This flexibility should be used with caution, however, because the accuracy of
solutions depends upon the accuracy with which the various interface parameters in
equations such as (B.3, B.4) can be expressed in terms of average conditions in grid

blocks. A general requirement is that there exists approximate thermodynamic equili-

. brium in (altnost) all grid blocks at (almost) all times (Pruess and Narasimhan, 1985).

For systems of regular grid blocks referenced to global coordinates (suchasr ~—z, x —y —

- 2), Eq. (B.6) is identical to a conventional finite difference formulation (e.g. Peaceman,

1977).

For each volume elemcnt (grid block) V, there are NEQ equations (x = 1, 2, ...,
NEQ; usually, NEQ = NK + 1), so that for a flow system with NEL grid blocks (B.6)
represents a total of NEL - NEQ vcoupled‘nOn-lincar equations. The ‘unknowns are the
NEL * NEQ indcpendcnt primary variables {x;;i=1, ..., NEL- NEQ} which completely
define the state of the flow system at time level t“**. Thcse equations are solved by
Newton/Raphson iteration, which is implemented as fbllows. ‘We introduce an iteration

k+1

index p and expand the residuals R in Eq. (B.6) at iteration step p + 1 in a Taylor

series in terms of those at index p:

RO (x; ) =RO* 1 (x; )

: aRSc)kH
+ );, o (X, p+1 = X;,p)

+...=0 R |  ®7

Retaining only terms up to first order, we obtain a set of NEL - NEQ linear equations for
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the inCremcnis, (Xip+1— Xy p):

R (Ik+1

-X —— | Gipumxp=R" Ty  BS)
' i i P

All terms R _/ox; in the Jacobian matrix are evaluated by numerical differentiation. Eq.
"(B:8) is solved with the Harwell subroutine package ‘“MA28"’ (Duff, 1977). Iteration is
continued until the residuals R®**1 are reduced below a preset convergence tolerance

.(seefPruess,'1987)’.." R
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_‘;Appendlx C chrnptnon of Flow in Fractured Medla | 4 o

. Figure 27 illustrates thc classical doublc-porosny concept for modelmg fiow in
fracmrcd-porous ‘media as devcloped by Wanen and Root (1963). Matnx blocks of low
permeabxhty are embedded in a network of mter-connected fractures. Global ﬂow in the
reservoir occurs only through the fracture _system, whxch is descnbed as an cffcctlve
_porous continuum. .Rock matrix and, fractuncs may exchange hﬂllld (or Ehgat),lgc’:ally'by
‘means of “interporosity fiow,”” which is driven by the difference in pressures (or tem-
peratures) betwesn matrix and fractures. Warren and Root approximated the interporos-
sty fow 8 being *'quas-steady,” with rate of matrx facture imerfow proportionl t

the difference in (local) average pressures, .

Matrix™ \Froc’fures

- XBL 8|3 2725
Figure 27. Idealized “‘double poquity" 'model of 'a fractured porous medium.

The quasisteady approxirhation is applicable to isothermal single phase flow of

fluids with small compressibility, where pressure diffusivities are large, so that pressure
B L Cuida o atanig i P N L N P ‘: L .
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_changes in the fractures penetrate quickly all the way into the matrix blocks. However,
for multiphase flows or coupled fluid and heat flows, the transienf pcnods for interporos-
ity flow can be very long (tens of years) In ordt;,r‘ to aécufz{tély dcscnbc such flows it is

| ﬁééé"s'sié\ry’to resolve the driving pressure and temperature grédiehts at the matrix/fracture

‘interface. In the method of "‘mhiﬁpié interacting continua” (MINC; Pruess and
Narasimhan, 1982, 1985), resolution of ‘these ‘gradients is achisved by appropriate
subgﬁddmg of thie matrix blocks, as shown in Fig. 28. The MINC cdn'cept is based on the
‘otion that changes in fiuid pressures, temperatures, phase compositions, etc. due’ to the
presence of sinks and sources (production and injection wells) will propagate rapidly
through the fracture system, while invading the tight matrix blocks only slowly. There-

fore, changes in matrix conditions '\if'i'llx‘(io'céll)})cbé"c\ontrblled"by the distance from the
fractures. Fluid and heat flow from the fractires into the matrix blocks, or ‘from the
matrix blocks into the fractures, can then be modeled by means of one-dimensional

strings of nested grid blocks, as shown in Fig.~ 28.

" Figure 28.  Subgridding in the method of “‘multiple interacting continua’ (MINC).



»
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In general it is not necessary to ;xpllciﬂy consider subgrids in all of the matrix
blocks separately. Within a certain reservou' subdomam (con'espondmg to a finite-
difference grid block), all fractures w111 be lumped mto contmuum # 1, all matrix material
within a certain distance from the fractures w111 be lumped mto continuum # 2, matrix
material at larger d1stance becomes contmuum # 3 and so on. Quantitatively, the sub-
gridding is specified by means of a set of volume fractlons VOL(]) j=1,..,], into which
the ‘‘primary’’ porous medmm gnd blocks are. partltloned The 'MINC-process in the
MESHMAKER module operates On the element and connection data of a porous medium
mesh to calculate, for given data on volume fractlons, the volumes, interface areas, and
nodal distances for a ‘‘secondary’’ fractured medium mesh. The information on fractur-

ing (spacing, number of sets, shape of matrix blocks) required for this is provided by a

“*proximity function’ PROX(x) which expresses, for a given reservoir domain Vy, the

total fraction of matrix material within a distance x from the fractures. If only two con-

tinua are specified (one for fractures, one for matrix), the MINC approach reduces to the
conventional double-porosity method. Full details are given in a separate report (Pruess,

1983a).

The MINC-method as implemented in the MESHMAKER module can also deseribe
global matrix-matrix flow. Figure 29 shows the most general approach, often referred to
as ‘‘dual permeability,”’ in which global flow occurs in both fracture and matrix con-
tinua. It is also possible to permit matﬁx-matrix flow only in the vertical direction. For
any given fractured reservoir flow problem, selection of the ‘most appropriate gridding
scheme must be based on a careful consideration of the physical and geometric condi-
tions of flow. The MINC approach is not applicable to systems in which fracturing is so

sparse that the fractures cannot be approximated as a continuum.,




———FractureFlow - | bt I
Matrix Flow
S =< =e=e- Matrix-Fracture Flow

XBL 896-7633

- Figure 29. Flow connections in the “‘dual permeability’’ model.
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